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Abstract

In recent years, an increasing attention has been given to the design and preparation of
new supramolecular systems with the goal to optimize their performances as antennas
for light collection. This is a challenging task that finds great interest not only for
studies of solar energy conversion but also in the fields of photonic and optoelectronic.
The aim of this thesis, performed in the framework of the ESF-EUROCORES
“SolarFuelTandem” project, was just the study of supramolecular systems capable of
performing one of the basic action of the natural photosynthetic apparatus, such as the
light energy collection.

A synthetic antenna should consist of a multichromophoric architecture with large UV-
Vis absorption cross-section, panchromatic absorption, well-defined and fixed spatial
orientation of the chromophoric components and suitable energy gradients between
them, in order to funnel absorbed energy toward a specific site, through fast energy-
transfer processes.

Among the systems investigated in this thesis, three suitable classes of compounds can
be identified: 1) transition metal-based multichromophoric arrays, as useful models for
antenna construction, 2) free-base trans-A,B-phenylcorroles, as self-assembling
systems to make effective mimics of the photosynthetic system, and 3) a natural
harvester, the Photosystem I, immobilized on the photoanodic unit of a solar-to-fuel
conversion device.

The discussion starts with the description of the results obtained with quinonoid
organometallic systems, able to fulfil some of the above mentioned absorption
requirements. The photophysical investigation of such compounds, in particular in the
case of some Ru(Il) polypyridin derivatives, display their ability as panchromatic
absorbers, resulting from the introduction of the widely versatile metalated catecholate
ligand.

The photophysical study has been extended to supramolecular architectures suitably
organized in energy and space, through the introduction of different central molecular
scaffolds, such as spiro-bifluorene and trypticene. The new tryptycene-based Ir-Os
supramolecular assemblies and the Pt-Ir-Os arrays bearing a spiro-bifluorene bridge
exhibit fast and efficient energy transfer processes. And in both systems, collected
photons are completely funnelled to the unique final collector Os-based, with
efficiencies that approach unit, denoting for the arrays the suitability as models for the
construction of efficient antenna systems.

The investigation has gone on moving towards another type of chromophoric systems,
based on free-base trans-A;B-phenylcorroles with different substituents on the meso-
phenyl ring. Besides the expected good performances in terms of absorption and
emission, these molecules, as result of a planned design, display the tendency to self-
organize into dimers through intermolecular hydrogen bond. This behavior makes them
good candidates as novel structural platform for solar energy conversion, by mimicking
natural self-aggregates antenna systems.

To conclude the work, the photophysical analysis moved towards a natural light-
harvester, immobilized on the hematite surface of the photoanodic unit of a bio-hybrid



dye-sensitized solar cell, also capable to sustain hydrogen evolution. The natural super-
complex PSI-LHCI extracted from the extremophilic red microalga C. merolae displays
just a slight distortion of its protein structure upon immobilization on the semiconductor
surface and almost complete retention of the overall functionality in term of energy
transfer efficiency.

The importance of the entire work is related to the need for a deep understanding of the
energy transfer mechanisms occurring in supramolecular architectures, useful to gain
insights and improve the strategies for governing the directionality of the energy flow in
the construction of well-performing antenna systems.



Chapter 1
1. Introduction

1.1. Sun as the most convenient energy source

The energy crisis and the concomitant environmental emergency are nowadays some of
the major global problems. Thus, the reduction of dependence on fossil fuels, such as
coal and oil, and the development of technology to produce clean energy are tasks of
primary importance.

The scientific community is still trying to find solutions for such emergency and solar
energy conversion seems to be a suitable replay. Every hour actually, earth surface
receives an amount of energy from the sun approximately equal to that produced from
fossil fuels for global consume in one year. Moreover, the sun emits light with a wide
range of wavelengths, going from the ultraviolet to the infrared and peaking in the
visible (see Figure 1.1), enabling its collection by many kinds of artificial devices.
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Figure 1.1. (a) Solar irradiance spectra outside the Earth’s atmosphere [denoted by AMO (green
line)] and at sea level [denoted by AM1.5 (blue line)] displayed as a function of wavelength and
(b) the same spectra plotted as a function of energy. (G. F. Moore and G. W. Brudwig, Annu.
Rev. Condens. Matter Phys. 2011, 2, 303-327)

Devices that, upon efficient harvesting of solar energy, are also able to perform its
conversion into chemical energy, as in natural photosynthetic organisms, represent
cleaner, renewable and theoretically more efficient method of energy production,
compared to the utilization of fossil fuels.

The enormous potentiality of such approach is suggested by the big power expressed by
natural photosynthesis in the solar energy conversion, since it is able to convert into dry
biomass an amount of solar light ten times higher than the total amount of energy
globally used by humans.'

Photosynthetic organisms such as plants, algae and bacteria have developed efficient
systems to harvest and to use solar source in driving their metabolic reactions: sunlight
supplies the energy for the reduction of carbon dioxide to carbohydrates and for
transformation of water into oxygen, useful to burn those fuels. Oxidation of the fuels
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generates the energy needed to sustain life. To perform such processes, natural
photosynthesis requires the combined and cooperative action of many components, as
pictorially represented in Figure 1.2. First of all, an antenna system has to create a
connection between the energy source and the active structure, absorbing efficiently the
sunlight and transferring the collected energy to a reaction centre complex, able to
convert solar into electrochemical energy (redox equivalents). Then, a water oxidation
complex (D) has to use this redox potential to catalyse the conversion of water to
hydrogen ions, electrons, stored as reducing equivalents, and oxygen. A second catalytic
system (A) uses the reducing equivalents to produce fuels such as carbohydrates, lipids
or hydrogen gas.

Inspired by such natural processes, in the last century, the main goal of the scientists has
been to design well performing systems able to exploit the promising and powerful
energy source that is the sun, through low-cost and efficient nanoscale photovoltaic or
phoelectrochemical devices. To this purpose, many practical and cost effective
technologies have been employed, achieving capture and direct conversion of solar
energy in fuels capable of being stored and transported, as in natural photosynthesis.
However, the problems of stability, efficiency and cost-effectiveness of such fully
integrated devices still are the main bottleneck of the overall approach, particularly in
systems achieving artificial photosynthesis, whose obtained performances are still
below the efficiencies necessary for practical application.

\

Figure 1.2. Simple scheme of natural photosynthetic process.

Thus, further research will be needed to identify the most promising artificial
photosynthetic systems and to exploit their potential in larger scale than that of the
laboratory production.

The first step for application and development of the photosynthetic bio-inspired
technology is the complete understanding of the basic mechanisms driving the natural
processes, in order to gain inspiration for construction of artificial structures and
production of new suitable technology. Good practice examples of systems that using



solar light are able to transform it in storable energy, as in nature, are offered by
artificial photosynthesis-based devices and dye sensitized solar cells.

1.1.1. Some hints about natural photosynthesis

Photosynthesis is the process used by some living organisms to absorb and then
transform solar light into chemical energy for storage purposes, as mentioned above. In
plants, algae and some bacteria families, this process is responsible for the release of
molecular oxygen, as result of water oxidation, and of the removal of carbon dioxide
from the atmosphere, used to produce carbohydrates (oxygenic photosynthesis). Some
types of bacteria instead produce organic compounds but not oxygen, through the
photosynthesis (anoxygenic photosynthesis), extracting electrons from molecules
different from water.

The photosynthetic process in plants and algae occurs in small organelles known as
chloroplasts that are located inside the cells, while the most primitive oxygenic
cyanobacteria and anoxygenic photosynthetic bacteria, are not provided with such
organelles.
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Figure 1.3. Schematic diagram of the non-cyclic electron transfer pathway found in oxygenic
photosynthetic organisms. The upper diagram is an energetic picture of the electron transport
pathway, incorporating the major reactions of photosynthesis. The lower diagram is a spatial
picture, showing the major protein complexes and how they are arranged in the photosynthetic
membrane. Neither view alone gives a complete picture, but together they summarize much
information about photosynthetic energy storage. (R. E. Blankenship, Molecular Mechanisms of
Photosynthesis, Blackwell Science Ltd, 2002)



Even if the single steps of the whole process can differ from one photosynthetic
organism to the other, the basic principles involved are similar. Photosynthesis can be
divided in two macro-phases, the one employing light, based on electron and proton
transfer reactions, and the other one occurring in the dark, comprising the biosynthesis
of carbohydrates from CO,. To be more precise, in most cases, five distinct steps can be
identified:

»  absorption of solar energy

» transfer of excitation energy to a reaction centre by antenna pigments

* charge separation at a reaction centre and solar-energy-conversion into chemical
redox energy

» migration of holes and electrons to spatially separate electron donors and acceptors
*  partial storage of the absorbed excitation energy.

The main steps of the natural process are performed in oxygenic photosynthetic living
organisms by two large multimeric pigment-protein complexes, denoted as Photosystem
I (PSI) and Photosystem II (PSII), working in series and responsible for light harvesting,
charge separation and charge transfer.

They are arranged around the common blueprint, containing a reaction centre (RC),
with the P700 and P680 chlorophyll special pairs, coupled to light-harvesting
complexes, LHCI and LHCII, respectively. Other important components are several
protein subunits and hundreds of cofactors as chlorophylls, carotenoids, quinones Qa
and Qg, iron-sulfur [4Fe-4S] clusters (in PSI), pheophytins, tyrosines (Tyr), [Mn4Ca]
clusters (in PSII), cytochromes and histidines® (see Figure 1.2). All these structures are
located into the cellular organelles in which the photosynthetic process takes place.

1.2. Artificial photosynthesis: new frontier for solar energy
conversion

The term “artificial photosynthesis” usually refers to a molecular based system properly
designed in order to be able to convert solar light into chemical energy, by mimicking
natural processes and structures. Artificial photosynthetic systems should most likely
include four basic features: i) antennas for light harvesting; ii) a reaction centre for
charge separation; iii) an oxidation and a reduction catalyst and iiii) a membrane to
provide physical separation of the products.

Every of these components have been extensively investigated and the knowledge so
gained so far will greatly facilitate the development of efficient devices, leading to the
production of affordable and energy-rich fuels from natural sunlight.

The literature about this topic is enormously extended but since the main subject of the
present work is the study of new types of models for antenna systems, some indications
about the development of such component will be discussed.



1.2.1 Artificial Antenna Systems

An antenna for light harvesting is a multicomponent system in which several
chromophoric species convey the absorbed solar incident light to a common collector
unit. Artificial light-harvesters are inspired to the natural corresponding complex, whose
structural elegance and chemical efficacy have suggested the way to collect light by
building artificial analogues, mostly involving porphyrin-based chromophores .

To act as good antenna system a multichromophoric architecture should display large
UV-Vis absorption cross-section, stability towards photodecomposition, a fully
organized structure and well-defined spatial orientation of the chromophores, with fixed
relative positions and orientations of the active molecular components.

Differently from natural systems, that transfer the excitation energy between weakly
coupled chromophores via Forster-type mechanism* and thus by through-space
interactions, artificial arrays use more strongly coupled chromophoric units,
communicating also through electron exchange interactions.

The energy transfer-based process imposes energetic requirements for the energy levels
of the components: in particular the energy of the acceptor excited state has to be lower
or equal to the energy of the excited state of the donor, and able to populate in the
overall mechanism the final acceptor component with high efficiency. Thus, suitable
energy gradients between the energy levels of the comprising units is another
fundamental requirement in the design of novel supramolecular architectures acting as
antennas.

Starting from this basic knowledge, in recent years big efforts have been devoted to the
planning of proper assembling of artificial components,’ introducing new strategies to
perform a good spatial and energetic control of the distinct units.

To ensure a suitable spatial orientation of the single building blocks, the choice of the
connections between them is fundamental. Good linkages can ensure the necessary
electronic coupling (through space or through bond) and thus fast energy transfer. In
nature, the suitable arrangement between chromophores is achieved through the support
of the tylakoid membrane in which they are embedded. Chemists instead, trying to
mimic such organization, gained good results by means of covalent or coordination
bonds, as linking-way for the molecular species instead of weak and not efficient
intermolecular interactions, blocking in the desired positions the single units.

In the attempt to find compounds that could match all described requirements, many
reported investigations have been carried out on porphyrins’ and transition metal
complexes of the second and third rows with polypyridine-type ligands,® also employed
in multinuclear complexes.’

1.2.1.1. Porphyrins and dendrimers as antenna systems

The class of porphyrinoid macrocycles has always been largely investigated since they
are the main molecules responsible for collection of solar light in natural antenna
systems and reaction centres are just chlorophylls (Chls), belonging to such family with
their metallated porphyrin-based structure.



Many efforts have been devoted to the investigation of their absorption and emission
behaviour and also to the study of their remarkable aggregation properties, since in
nature such chromophores are very suitably organized in aggregated structures.

One of the first examples of synthetic systems that try to approach such organization is
that of covalently linked porphyrin dimers, displaying highly efficient excitation energy
transfer over short distances.'’ More recent results have been achieved by synthesizing
cyclic porphyrin arrays, thus bigger than simple dimer (oligomers), with units linked by
covalent, non-covalent or metal coordination bonds.'' The arrays obtained through
covalently bonded monomers have been the ones of most difficult synthesis but they
have displayed the highest structural robustness. Instead non-covalently assembled
arrays are usually affected by the environment and can be synthesized with relatively
easy methods.

When such macrocylces contain the appropriate components, they tend spontaneously
to self-aggregate and form large arrays, particularly when they are involved in
organometallic systems, coordinating a metal centre (most reported examples of used
metals are Zn, Re, Ru, Pd, and Pt)ll through the pyridine nitrogen atoms. In such cases,
the presence of the metal enables further types of aggregation interactions, increasing
the self-aggregation tendency.

Further developments of covalent and non-covalent molecular design of light harvesting
multiporphyrin arrays report systems with various molecular geometries, such as ring-,
star-, windmill-shaped and dendritic architectures.

The arrangement of the components is fundamental because the three-dimensional
displacement obviously affects the communication between chromophores and
consequently the efficiencies of energy transfer processes. '

In particular, since crystal structure of the light-harvesting antenna complex LHCII of
the purple bacterium Rhodopseudomonas acidophila has been demonstrated to comprise
chromophoric units arranged in circular mode,"’ many efforts have been devoted to the
synthesis of cyclic arrays, to study excitation energy transfer along them. In particular,
among the light-harvesting chromophores employed, there are not only porphyrins but
also phthalocyanines, both closely related to chlorophyll derivatives.

Other examples are related to extremely long, porphyrin-based ribbons, wheels and
rings.'* One case is that of meso-meso linked porphyrin rings composed of four, six,
and eight 5,15-diaryl-substituted zinc porphyrins, characterized by a fully organized
wheel-shaped arrangement. They display good properties as light-harvesting models,
acting as platform for very efficient excitation energy hopping processes along the ring
circuit with similar rates with respect to the natural photosynthetic antenna.'

Another example is represented by a series of meso-pyridine-substituted zinc(II)
porphyrins, assembling into squares (Su), and the corresponding meso-meso-linked
dimers (see Figure 1.3), giving rise to three-dimensional boxes (Bn). In all the cases,
well-defined spatial arrangement makes them suitable as model for light-harvesting
antennas.'°



Further studies have been focused on the synthesis of several types of clusters, dye-
loaded zeolites'’ and polymers, with good results.

All these systems, even if they perform efficient and fast energy transfer processes,
display one important limit in term of channeling the absorbed light to the specific point
of the structure, that in a real antenna should link the charge separation system. To
overcome such limit, an energy gradient is required and thus in the arrays, more careful
design and choice of chromophores have to be performed.

A good example of working antenna systems, without the above mentioned problem, is
offered by a molecular heptad containing metal (Figure 1.5), composed of four real
light-absorbing components such as two bis(phenylethynyl)anthracene and two
borondipyrromethene antennas linked to a hexaphenylbenzene core that also links two
zinc porphyrins. The anthracene derivative absorbs strongly in the blue region of the
spectrum between 450 and 500 nm, differently from porphyrin that in such region is
almost transparent to the light. The two borondipyrromethene (BODIPY) units absorb
in the 450-550 and 330-430 nm ranges. The two kinds of antennas through singlet-
singlet energy transfer, funnel excitation energy to the porphyrins, which in the end
donates an electron to the self-assembled fullerene, generating a charge-separated state.
Such system works efficiently both as antenna and reaction centre.'®

Figure 1.4 Structures of S1-S3, B1-B3, and TB2. (I. W. Hwang; T. Kamada; T. K. Ahn; D. M.
Ko; T. Nakamura; A. Tsuda; A. Osuka; D. Kim, J. Am. Chem. Soc. 2004, 126, 16187-16198)

Further investigation has been conducted taking into account the requirements in terms
of arrangement of the single components for antennas production, driving the synthesis
of systems with very particular structural organization, denoted as dendrimers. They
have been designed inspired by the array of chlorophyll molecules of natural antennae
of the green plants.



Figure 1.5. Singlet excitation energy and electron transfer pathways observed in heptad and
model compounds. (Y. Terazono; G. Kodis; P. A. Liddell; V. Garg; T. A. Moore; A. L. Moore;
D. Gust, J. Phys. Chem. B 2009, 113, 7147-7155)
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Figure 1.6. (a) Schematic representation of a light-harvesting system. Light is absorbed by an
array of chromophores, and the electronic energy is then channelled to a reaction centre (P). (b)
Energy migration patterns for tetranuclear compounds. Energy migration pattern for a
decanuclear (c) and a docosanuclear (d) complex. (V. Balzani; S. Campagna; G. Denti; A. Juris;
S. Serroni and M. Venturi, Acc. Chem. Res., 1998, 31, 26-34)
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Such class of molecules is characterized by a hyper-branched three-dimensional
structure with regular treelike units, allowing for the insertion of several chromophoric
moieties. Besides the fully organic arrays, an interesting example of dendrimer is
offered by a redox-active series, based on polipyridyl transition metal complexes.'’
Architectures of Ru (II) or Os(II) polypyridine complexes have been largely employed
as building blocks for such systems and the step-by-step synthetic strategies used
allowed for a good control of electrochemical behaviour, absorption properties and
direction of energy transfer process (Figure 1.6).

1.2.1.2. Transition metal complexes as antenna systems
In the past 30 years, extensive investigations have been devoted to metal complexes of

the second and third transition rows with polypyridine-type ligands®’because such
systems seemed to satisfy most of the requirements postulated for a well performing
antenna system.

The use of transition metal complexes as building blocks is very appealing for several
reasons. In particular, they are very versatile and simple modifications of their structure
allow to suitably tailoring the energetics (excited-state energies and redox potentials) by
judicious choice of metals and ligands. Furthermore they posses defined geometries and
the possibility to tune the strength of the ligand coordination from very strong to very
labile.

Actually, metal coordination compounds, exhibiting absorption bands of metal-to-
ligand charge transfer (MLCT) nature at relatively low energy, have been largely
employed as photosensitizers.”' Literature offers a wide range of examples of molecular
model systems based on transition metal complexes, designed taking into account their
light absorption and excited-state electron transfer properties. Many examples involve
as prototype complex [Ru(bpy);]*" (bpy = 2.,2’-bipyridine)** that displayed such useful
properties to make it a good model for the design of many other compounds and
architectures.

The excited state of [Ru(bpy)s]*" responsible for the emission is a triplet metal-to-ligand
charge-transfer CMLCT) state, having an energy of about 2.12 eV with a long lifetime,
close to 0.5 us, and a luminescence quantum yield of 0.028.% Its relatively slow
radiative deactivation process makes *MLCT state available for many applications.
Anyway, it is clear that a single chromophore is not capable of efficiently powering
artificial photosynthesis because first of all, it is very difficult for one molecule to
absorb the complete range of the solar spectrum. Thus, the design of new
multicomponent systems started, properly choosing units in order to reach systems with
different chromophoric properties. First of all, the synthesis of dinuclear systems has
been performed, followed by the preparation of nine tetranuclear™* and six decanuclear®
mixed-metal and/or mixed-ligand species.

As expected, the properties of each metallic building block tend to undergo
perturbations upon incorporation into multicomponent systems, thus the behaviour of
the new array is not always a mere sum of the features of the single components. The
photochemical and photophysical behavior reported for mononuclear complexes might
become very different from that of the corresponding dinuclear or polynuclear
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derivatives due to appearance of intercomponent processes, such as electron and energy
transfer, and due to the orbital mixing.

The new approaches in the preparation of multimetallic species are based on the
decoration of starting metallic frameworks with additional organic moieties and ligands.
Different combinations of metal ions, peripheral ligands and modular bridging units
have been used trying to find the most suitable structure. The design has been thought in
order to optimize electronic interaction and distance between the chromophores, and to
allow the transport of energy or charge, the charge separation, or multiredox processes.
The variety of highly branched polynuclear metal complexes obtained so far presents
big heterogeneity of components and thus different properties, such as the presence of
cavities of various sizes, surfaces with specific functions, sites for multi-electron
transfer catalysis, better absorption ability and gradients for photoinduced directional
energy and electron transfer.

Covalently linked dyads are the simplest class of supramolecular architecture for the
study of photoinduced energy and electron transfer processes. They have been pre-
programmed introducing new rigid structural components to perform a control of the
overall geometry and to keep in fixed orientation and at the desired distances the metal
units. A widely employed method to achieve such result is based on the use of bridging
spacers, such as alkanes, alkynes, saturated molecules, polyphenyls to link together the
peripheral chromophoric sites.

The choice of the bridge is a key task in the construction of multichromophoric
architectures, and in the attempt to obtain suitable modules that can act also as
photoactive partners inside the arrays, exploration of new building materials and linkers
have been performed.

Many examples of bridging ligands have been reported, such as systems constituted by
spacers, saturated or conjugated molecules connected to the chelating sites, or
multichelating organic ligands (pyridine, pyrazine or pyrimidine). The use of phenyl or
diphenyl derivatives as spacers has been described by several authors and extremely
rapid and efficient photoinduced processes have been reported for systems containing
them. Instead, when a saturated spacer, like bicyclo[2.2.2]octane, is introduced as a
component of the bridging ligand, even in presence of phenyl spacer, the electronic
coupling between the chromophores drastically decreases and the photoinduced
processes become much slower. It is clear therefore that one can modulate the rates of
energy and electron transfer processes with an appropriate choice of the spacer.

An evolution in the design of supramolecular structures is represented by the
introduction of photoactive bridging scaffolds. Such strategy has been thought in order
to reproduce the ability of the natural systems in harvesting light of the entire UV-Vis
range or, even better than the natural system, of the NIR spectral portion, through the
use of red-absorbers. Thus in the attempt to enhance the overall efficiency of the
harvesting process, the construction of highly efficient absorbers has been achieved.
One example is that of the truxene scaffold, a planar system composed of a heptacyclic
polyarene structure, with good ability in light absorption. It can be easily tri-
functionalized giving rise to the formation of star-shaped multichromophoric arrays, in
which it acts as good energy donor and photoactive partner.”® In such system, the good
choice of the pattern of substitution based on many chromophoric units, besides the
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good photophysical properties, produced also the required energy cascade leading to the
sensitization of the final energy collector.

Such example, together with many others similar, confirms the suitability of
supramolecular chemistry in achieving elaborated tasks, since if a single molecular
component can be involved in simple acts, supramolecular species can perform
functions.

1.3. Energy Transfer Theory

The main action of an antenna system, upon the solar light collection, is based on the
funnel of such energy to the final collector responsible for its transformation. Such
action in nature is performed by means of fast and efficient energy transfer steps,
enabled by the suitably organized structure. Since the construction of artificial antennas
tries to reproduce such process inside the new structures, it is important to clarify what
exactly it is.

Energy transfer or resonance energy transfer (RET) is an electrodynamic phenomenon,
occurring between the excited state of one molecule, acting as donor, and the ground
state of another, with properties of acceptor. After the donor transfers its excitation
energy to the nearby acceptor moiety, it is deactivated to a lower state (generally the
ground state) while the acceptor is excited to a higher state. The phenomenon does not
involve emission and reabsorption of photons but it origins from the energy exchange
between donor and acceptor, whose oscillating dipoles are of similar resonance
frequency.”” It is substantially different from the radiative energy transfer, comprising
instead emission and reabsorption of photons, as result of inner filter effects and thus
depending on non-molecular optical properties of the specimen (such as the size of the
cell containing the sample, the path length, the optical densities of the sample at the
excitation and emission wavelengths and the geometric arrangement of the excitation
and emission light paths).

Differently, the factors that affect RET processes are the superimposition between
donor emission and acceptor absorption spectra, donor quantum Yyield, relative
orientation of the transition dipoles of donor and acceptor and separation between the
two species. The solvent does not produce particular effects on the efficiency of the
process.

By means of resonance energy transfer, more information about compounds properties
can be achieved than what gathered by the other fluorescence phenomena, furthermore
because it can take place even when donor and acceptor are at long distances.

The energy transfer processes in supramolecular systems can be viewed as radiationless
transition between two excites states localized in different regions of the structure.
Therefore, the rate constant can be obtained by an appropriate expression of the Fermi’s

Golden Rule:
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where H™ is the electronic coupling between the HOMO and LUMO levels of the
energy-donor and -acceptor components, involved in the energy transfer process and
FC® is the Franck-Condon factor.

Depending on the system under investigation and on the experimental conditions, the
two terms display a different weight, due to the different dependence of the process rate
on the parameters of the system, such as spin of ground and excited states and donor-

acceptor distance. As function of them, two different mechanisms can occur (see Figure
1.7).

1.3.1. The Forster (Coulomb) mechanism

The coulombic mechanism, also called Forster-type or through-space mechanism, is a
long-range process and it does not require direct contact between donor and acceptor.
For such process, the main term is the dipole-dipole interaction®® that makes the process
to be ruled by the same selection rules as the corresponding electric dipole transitions of
the two partners. Coulombic energy transfer is therefore expected to be efficient in
systems in which the radiative transitions connecting the ground and the excited state of
each partner have high oscillator strength. The rate constant for the dipole-dipole
coulombic energy transfer can be expressed as a function of the spectroscopic and
photophysical properties of the two molecular components and of their distance.
The rate constant for the dipole-dipole energy transfer can be written as:

i 88x% 107°K*®,

en

JF
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where ¢em 1s the quantum yield for donor emission, T is its emission lifetime, n is the
refraction index of the solvent, K” is the orientation factor, regarding the relative
orientation of donor and acceptor transition dipole moments (K° = 2/3 for random
orientation), Jr is the Forster overlap integral and rp4 is the distance between the two
reaction partners.

Jr measures the extent of superimposition between luminescence of donor and
absorption of acceptor, thus the degree of resonance between donor and acceptor
transition. It can be calculated from the overlap between the emission spectrum of the
donor, A(U) and the absorption spectrum of the acceptor expressed in molar
absorptivity units, D(U).

) f A@)D@)0 " dv
- [ Aw@)dv

F

Moreover, the dependence from distance is defined by the term 1/t° thus the rate
constant is proportional to the inverse sixth power of interchromophoric distance and
energy transfer occurs efficiently also at larger distances than the molecular diameters
because it does not need the formation of encounter complex.

An example of efficient coulombic mechanism is that of singlet-singlet energy transfer
between large aromatic molecules, as in natural antenna systems of photosynthetic
apparatus, as mentioned above.”
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1.3.2. Dexter (exchange) mechanism

The Dexter mechanism is based on an exchange interaction between donor and
acceptor, resumable in a double electron transfer process in which one electron from the
LUMO of the excited donor jumps to the empty LUMO of the acceptor, and the other
from the HOMO of the acceptor goes towards the HOMO of the donor (see Figure 1.6).
In this case, the process is governed by spin selection rules enabling the spin
conservation in the reacting pair as a whole. Actually, the exchange mechanism can
occur also when the excited states involved are spin forbidden in the usual spectroscopic
sense.

The typical example of an efficient exchange mechanism is that of triplet-triplet energy
transfer and thus, exchange energy transfer from the lowest spin forbidden excited state
is expected to be the usual for metal complexes.*

The expression obtained by Dexter’ for energy transfer processes between molecules
coupled by an exchange interaction is the following:

_ 4]_52 (H en )2
-
where H® is the electronic term, obtained from the electronic coupling between donor
and acceptor and exponentially dependent on distance, while Jp is the nuclear factor,
defined as Dexter overlap integral, calculated with both the donor emission and acceptor
absorption spectra normalized to the unity, as follows:
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the electronic term H® is obtained from the electronic coupling between donor and
acceptor, exponentially dependent on distance:

H" = He"(O)exp[—ﬁTm(rDA —ro)}

where ™ is the attenuation factor for the exchange energy transfer, rp, is the distance
between the two reaction partners, donor and acceptor (in A) while r, is the effective
average orbital radius of the donor and the acceptor.

The independence from the oscillator strengths and the exponential decrease of the
energy transfer rate as function of donor-acceptor distance, imply that no Dexter-type
energy transfer process can occur at major distances than the contact one.

This is true according to the original and narrow formulation but the exchange
mechanism can be extended also to systems in which donor and acceptor are coupled
through a connecting bridge.
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The connecting unit betweendonor and acceptor components in supramolecular
structures has a role in mediation of both electron and energy transfer processes. In
these cases, if the bridge levels are much higher in energy than donor and acceptor,
consequently the electron tunnels in a single step from donor to acceptor, without really
moving along the wire. While when the energy levels of the bridge are low enough to
become intermediate between the initial and final states, it is directly involved in the
electron or energy transfer, and the rate constant of the process displays a very small
distance dependence.
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Figure 1.7. Pictorial representation of the coulombic and exchange energy transfer mechanism.
(P. Ceroni and V. Balzani, The Exploration of Supramolecular Systems and Nanostructures, by
Photochemical Techniques, Lecture Notes in Chemistry, Springer Science+Business Media B.V
2012)

Finally, when there is complete mixing among the donor/bridge/acceptor orbitals (large
coupling limit) the bridge essentially acts as an incoherent molecular wire, as happens
for conjugated conducting polymers, and the behaviour of the system is expected to go
according to an ohmic regime, with distance dependence of the rate inversely
proportional to the bridge length.

1.3.3. Energy Transfer in Photosynthetic Process

Most of the natural photosynthetic pigments, harvesting and funneling the relatively
diffuse source of photons from the sun to the reaction centre, are incorporated into
protein-based structures that ensure them a spatial and energetic fixed organization. The
fixed arrangement allows excitation energy to migrate from lower wavelength-
absorbing pigments, located at the more distal sections of the antenna complex, to
longer wavelength-absorbing chromophores that are proximal to the reaction centre.
During this transfer process from excited-state of donor pigments to ground-state of
acceptor pigments, a loss of photonic energy as heat provides a degree of irreversibility
to the overall process.
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This singlet-singlet energy transfer between chlorophyll pigments is well described by
the Forster model that, for weakly coupled donor and acceptor pigments, uses the
Golden Rule expression in the context of a dipole-dipole approximation.” Its efficiency
is in general increased by several factors, such as a good spectral overlap between donor
emission and acceptor absorption, a high fluorescence quantum yield of the isolated
donor pigment and a large extinction coefficient for the acceptor. A suitable tuning of
these parameters can be found in natural systems, evolutionary optimized in order to
improve their performances in spite of the competitive electron-transfer processes,
which require higher spatial overlap between involved states.

Moreover, to limit the negative effect of singlet oxygen, rapid quenching of chlorophyll
triplet states occurs by energy transfer to carotenoid pigments. This is an example of the
elaborate regulation, protection and repair mechanisms developed by nature in order to
reduce the risk of photodamage for the organism.’' Unlike singlet-singlet energy
transfer, this triplet-triplet transfer cannot take place via a dipole-dipole mechanism,
because it results forbidden, and likely occurs by an electron exchange process requiring
close orbital contact (within ~10 A), but the rate of Dexter type energy transfer
mechanism decreases exponentially with increasing donor-acceptor distance. Thus,
definitely, although the difference in Forster and Dexter mechanisms, it is not always
simple to discriminate which one can properly define a certain energy-transfer process,
due to the ambiguous borders between them in natural highly organized photosynthetic
antenna systems.

1.4. Dye sensitized solar cells for solar energy conversion

The use of organized molecular structures to achieve special tasks, as made by nature in
photosynthesis, is a good way to build devices for light energy conversion not only in
biomimetic photosynthetic apparatus but also in dye-sensitized solar cells, molecularly
engineered in order to be able of directly converting sunlight into electrical power.
Although the prominent technology in this field has been based on the solid-state p—n
junction devices, the new generation of dye-sensitized solar cells (DSSCs) emerged as
particularly interesting kind of an integrated photoelectrochemical system.

DSSCs were first developed by Gritzel and coworkers and represent a promising
alternative to the more expensive solid-state photovoltaic devices,” being relatively
inexpensive and efficient. This class of devices displays a fully organized sandwich-
type structure, consisting of a dye-sensitized photoanode, a redox mediator and a
counter electrode, as reported in Figure 1.8.

The photocatodic unit contains a thin catalytic layer (usually, platinum or graphene)
instead the composite photoanodic unit comprises a transparent conducting substrates,
such as fluorine doped tin oxide (FTO) on the glass, a semiconductive layer, usually
composed of nanoporous TiO,, and a dye adsorbed onto the surface of the
semiconductor. Between the photoelectrodes, there is an electrolyte solution (usually
containing the I37/I pair) to close the circuit.

The working mechanism of a DSSC comprises more steps, involving every unit of the
multilayers structure. The process starts from the absorption of incident solar energy,
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operated by the photoanode, exciting one electron of the dye from the (highest occupied
molecular orbital) HOMO to the (lowest unoccupied molecular orbital) LUMO level.
Electrons from the exited state of the dye are injected to the conduction band of the
semiconductive TiO,, oxidazing the chromophore. The TiO; film has been engineered
as porous and nanostructured with very high surface roughness and small particle sizes
(almost 20 nm) in order to enable more efficient light harvesting, through enhancement
of the contact surface available for adsorption of the dye.

The process of electron injection into the semiconductor has to be faster than the
recombination, that deactivates the excited state of the dye to its ground state. Once
injected in the conduction band of the semiconductor, the electrons migrate through the
nanoporous network of TiO, and after, through the external circuit, towards the
photocathode.

The electrolyte solution, which is in contact with the dye, closes the circuit by donating
electrons to the dye and so restoring its initial form.

Electrolyte then diffuses towards the catalytic electrode where the reduction reaction

takes place and it is ready for another cycle by accepting electrons from the external
circuit.
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Figure 1.8. Structure and working principle of DSSC, with S°/S"/S* representing sensitizer in
the ground state, oxidized state, and excited state, respectively. Red/Ox = redox mediator. (U.
Mehmood; S. Rahman; K. Harrabi; I. A. Hussein and B. V. S. Reddy, Advances in Materials
Science and Engineering 2014, 2014, 1-12)

The basic requirements for the structure are of energetic nature: the LUMO of the
photosensitizer should be more negative than the conduction band of the semiconductor,
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while the HOMO more positive than the redox potential of the electrolyte. This
energetic levels arrangement is at the basis of a working DSSC.

Among the dyes in use, many natural organic compounds can be counted, but the best
results have been obtained so far with transition metal complexes, particularly Ru-
based. The major drawback of the organic dyes, as compared to the Ru(Il) dyes, is the
lower lifetimes of their excited states that might enhance recombination processes.

1.4.1. Solar Conversion Efficiency and Dye Sensitization

The overall solar conversion efficiency (1) is the result of the balance of many variables
and it is expressed as follows
n= (JSC X VOC X FF)/Pin

Pi, is the total solar incident power, FF is the cell fill factor, function of the diode
quality factor, V,. is the open-circuit voltage (difference between the Nernstian
potential of the solution and the semiconductor quasi-Fermi level) and Jg. the short-
circuit photocurrent density.

Upon several trials made during the time, some guidelines have been produced in order
to increase the device efficiencies. In particular, to enhance the Jsc value, the simplest
strategy is based on an increase of the solar light collection efficiency. Thus, for
instance, the design of dyes that are able to absorb in both UV-Vis and near-IR region
can be a good goal, avoiding loss of solar radiation since its spectrum covers from the
near-UV region to the near- IR region. The optical gap of the dye should be indeed
reduced to improve absorption at longer wavelengths. This aim can be achieved either
by lowering the LUMO energy level (low-energy '"MLCT and *MLCT states for metal
complexes) or by raising the HOMO level. Unfortunately, in agreement to the energy
gap-law, this type of intervention can enhance the probability of non-radiative
deactivation pathways, competitive with the electron injection.

The increasing of the Voc value instead can be obtained by employing redox couples
potential to more positive values always ensuring enough overpotential between it and
the dye, to allow for the regeneration of the dye at an acceptable rate.

The best photovoltaic performance both in terms of conversion yield and long-term
stability has been achieved with polypyridyl complexes of ruthenium and osmium.
Sensitizers having the general structure ML,(X),, where L stands for 2,2’-bipyridyl-
4,4’-dicarboxylic acid, M is Ru or Os and X represents a halide, cyanide, thiocyanate,
acetyl acetonate, thiacarbamate or water substituent, are particularly promising. The
better value of solar conversion efficiency for this type of device, falling around the
11.18%, has been registered in presence of N3 or Red dye as sensitizer, [RuLo(NCS),]*"
(L = 2,2’-bipyridyl-4,4’-dicarboxylic acid), with carboxylic group useful for anchoring
on the semicondutore surface.

After many years of investigation, another well-performing complex, defined black dye,
has been obtained but no improvement in efficiency has been gained. It is a Ru(Il)
complex, tri(cyanato)-2,2°,2”’-terpyridyl-4,4’,4”’-tricarboxylate Ru(II) that allowed for
a solar to power conversion efficiency of 10.4% in full sunlight, slightly lower than for
N3. Thus, new approaches have been experimented.
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One widely explored strategy to increase the light harvesting efficiency introduced later,
was based on the use of supramolecular assemblies as sensitizer, composed of a certain
number of metal complex units linked by suitable bridging ligands, instead of
mononuclear unit. The increase in the overall cross-section for light absorption
compared to the case of a simple molecular sensitizer is the reason for the increasing in
light absorption. Moreover, the multicomponent structure allows for the occurring of
efficient intramolecular energy transfer that can increase the electron injection ability of
the dye into the semiconductive layer.

The efficacy of such an approach has been confirmed by the preparation of the Ru(II)
trinuclear complex [(NC)Ru(bpy)2(CN)Ru(dcbH,)2(NC)Ru(bpy)2(CN)J**,** in which
energy transfer takes place from the peripheral chromophores to the central unit —
Ru(dcbH,),— with high efficiency.

Beside such example, many other different multinuclear polypyridinic complexes of d°
metal ions have been used in this field of application® taking advantage from their
overall suitable properties with respect to the organic molecules. Many reported
examples are the result of planned modification of the basic polypyridyl metal
frameworks, whose MLCT states energy displays wide possibilities to be tuned by
modifying anchoring and/or ancillary ligands or by changing their substitution pattern.
Organic dyes such as porphyrins and phtalocyanines have attracted considerable
attention also in such field due to the similarity with respect to the natural
photosensitizers. However, porphyrins cannot compete with the N3 or black dye due to
their lack of red light and near-IR absorption. Phtalocyanines show intense absorption
bands in this spectral region but they display serious problems related to aggregation
and to the unsuitable energetic position of the LUMO level, which is too low for
electron transfer to the TiO».

Thus, despite the abundant research the transition metal complexes produce the best
effects on DSSC performances.

1.5. Excited States of Transition Metal Complexes: general
remarks

Since this work is mostly based on supramolecular structures composed of transition
metal complexes, some information about theoretical aspects related to them has to be
provided.

The photochemistry of transition metal complexes has undergone an impressive growth
in the last few decades. The king of such class of compounds is represented by
prototype complex [Ru(bpy)s]**, whose investigation has been for sure one of the most
extensive. A unique combination of chemical stability, redox properties, excited-state
reactivity, luminescence emission and excited-state lifetime, during the last 40 years,
have stimulated its application in an enormous variety of fields, such as photochemistry,
photophysics, photocatalysis, electrochemistry, photoelectrochemistry, chemi- and
electrochemi-luminescence, and electron and energy transfer. And moreover many
derivative compounds have been synthesised in the attempt to improve or refine its
properties. In the same period, Ir(Ill), Os(Il), Re(I), Rh(IIl) and Pt(Il) polypyridine
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complexes have been largely explored, trying to understand how they are influenced by
the identity of the ligands present on their coordination sphere.

The study of such systems has to comprise necessarily the evaluation of their basic
electronic excited-state properties. The main five types of electronic transitions, which
can be found in these coordination compounds are the following:

*  Metal-centred (MC) transitions (e.g. d-d electronic transitions) are not permitted by
Laporte rules but partially allowed due to vibronic and spin-orbit couplings and
consequently they usually exhibit lower extinction coefficients with respect to charge-
transfer (CT) transitions. According to the Laporte selection rule, electronic transitions
that conserve either symmetry or asymmetry with respect to an inversion centre are
forbidden.

* Ligand-to-metal charge transfer (LMCT) transitions involve promotion of
electrons from occupied ligand orbitals to the partially empty metal centred d orbitals.
They are low-lying states when at least one of the ligands is easy to oxidize and the
metal is easy to reduce.

*  Metal-to-ligand charge transfer (MLCT) transitions originate from excitations from
metal d-based orbitals to low-lying empty orbitals located on the ligand, typically of ©*
character. They are expected at the low-energy when the metal is easy to oxidize and
the ligand is easy to reduce, as in Ru(Il) polypyridyl complexes.

* Intra-ligand (IL) transitions arise from electron migration between ligand-based
orbitals, belonging to the same ligand. They usually appear in the absorption spectrum
of the ligands when they are not coordinated to the metal centre.

* Ligand-to-ligand charge transfer (LLCT) transitions take place between orbitals
located in different ligands.

Due to the presence of all these possible states, the UV-Vis spectra of transition metal
complexes display higher complexity than those of organic molecules. Among
transition metal complexes, the most explored and promising are Ru(II), Ir(Il), Os(II)
and Pt(IT) complexes.

Octahedral complexes of Ru(II), Os(II) and Ir(IIT), whose metal centres are 4d°, 5d° and
5d°, respectively, display very similar features.

Their properties can be explained taking into account the degeneracy of their d orbitals,
destabilized and split in an octahedral ligand field by an amount A. Since A is
influenced by the different quantum number and the field strength of the ligands, such
factors can affect the photophysical properties, too (Figure 1.9). In all compounds,
absorption spectra originate from electronic transitions from the ground state to mostly
singlet levels of different nature and electronic localization, as mentioned above. The
emission instead arises always from transitions of triplet "MLCT or *LC character, with
some contribution from singlet, as consequence of the high spin-orbit coupling
constants of the metal unit (T = 1042, 3381, 3909 cm ', for Ru, Os, and Ir,
respectively)™.

For a metal like Fe(II), with an external electronic configuration of 3d°, in polyimine
octahedral complexes, the amount of splitting between t,, and e, levels is small enough
that the main character of the lowest-lying excited state is MC, thus not emissive. For
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Os(II) and Ir(I1I) instead, A is very large and the MC levels are pushed so high in energy
that usually they do not affect the emission properties.

Os(Il)-polypyridin complexes display as distinguishable features the long wavelength
emission and the low values of photoluminescence quantum yields, always lower than
0.1. This behaviour can be ascribed to the low-lying MLCT levels (1.6 ¢V) and to the
occurring of radiationless deactivation pathways, as effect of the energy-gap law,
differently from most of Ir(Ill)-polypyridin complexes, whose emission energy is higher
(in the range 2.1 to 3 eV).
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Figure 1.9. (a) d orbitals in octahedral field; (b) orbital description of MC, MLCT, and LC tran-
sitions; S is a substituent group capable of exerting electron withdrawing or releasing effects
(resulting in stabilization or destabilization, respectively, of the energy level of the filled d and ©
orbitals); (c) electronic transitions involving MC, MLCT, and LC excited states; the MC levels
are not emissive. (L. Flamigni; A. Barbieri; C. Sabatini; B.Ventura; F. Barigelletti, Top. Curr.
Chem. 2007, 281, 143-203)

Ru(Il)-polypyridin systems display intermediate properties between Fe(Il) and
Ir(IIT)/Os(IT) complexes. Its emission originates from MLCT transition, with an energy
content of ~ 2.1 eV, and the non-emitting MC levels result thermally accessible.

Pt(I) d* complexes are very different from these d°, first of all for their preferential
square planar geometry, that allows interactions with identical molecules, such as
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intermolecular stacking, dimerization in the ground state or excimer formation in the
excited state, or with other compounds, forming exciplexes.

In many Pt(II) complexes, either the MLCT or the LC states, usually are located at
lower energies than the d-d states, and have intrinsically faster k, values than the d-d
(Figure 1.10), but MC excited state, very often affect dramatically luminescence
properties, particularly at room temperature, since it may be thermally accessible from
the lowest- energy excited state.

The photophysical properties are influenced also by the interactions with other
molecules, as mentioned above, that enhance the energy of the highest occupied metal-
based molecular orbital with respect to the isolated molecules and shift the lowest-
energy optical transitions towards lower energies, modifying the nature of the lowest-
energy excited state.

In all the cases, the pattern of coordination on the metal centre is fundamental and
allows for a very fine tuning of absorption and luminescence properties of the
corresponding complexes, rendering them still promising for many fields of application.
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Figure 1.10. (a) Illustrating the displacement of the potential energy surface for the d-d excited
state in a square planar d* complex, formed by population of the dx_y orbital, compared to the
ground state. (b) Even though other excited states (e.g., d-n* or m-n*) may lie at lower energies,
the d-d excited state can provide a thermally activated non-radiative decay pathway. Thick
arrows represent absorption of light; thin ones indicate vibrational relaxation and non-radiative
decay (J. A. Gareth Williams, Top. Curr. Chem. 2007, 281, 205-268)
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Chapter 2

2. Pt(II), Ru(Il), Ir(Ill) and Rh(IIT) coordination assemblies with 7-
bonded bidentate quinonoid and thioquinonoid organometallic
ligands: examples of design of chromophores with improved
photophysical properties

The study of photophysics and photochemistry of transition metal complexes has
received an increasing attention since the last few decades. In fact, the acquisition of a
solid knowledge about their photoreactivity and on the properties of their excited states
is fundamental for the elaboration of innovative synthetic strategies for the design of
new chemical architectures with more and more promising qualities. The optimization
of such supramolecular assemblies is thought in terms of improvement of spectral and
redox features and of spatial arrangement, as central tasks for their potential application
in solar energy collection/conversion and for photo- and electro-luminescent devices.'
The great attention received by transition metal complexes, in particular, is due to their
big versatility and to the possibility to carefully and efficiently tune their properties
towards desired directions: acting on the coordination sphere by modulating the energy
levels of the low-lying metal-to-ligand charge transfer (MLCT) and ligand-centred (m-
n*) excited states, it is possible to perform programmed and precise modifications on
their photophysics.

The present chapter introduces good examples of planning and application of novel
synthetic strategies for the improvement of absorption and emission properties of
transition metal complexes based on the self-assembly of coordination frameworks.
Herein, four series of supramolucalar assemblies with organometallic units will be
discussed, composed of metallated quinonoid and thioquinonoid complexes, and of
transition metals of different coordination geometry. Oxygen/sulfur centres of
[(catecholate/benzenedithiolate)M(Cp*/bz)] (M = Ru(ll), Rh(IIl) and Ir(Ill)), as
organometallic ligands, chelate traditional polypyridyl/cyclometallated Pt(II) square
planar and Ir(IIT), Rh(IIT) and Ru(Il) octahedral luminophore building blocks, inducing
a wide range of effects on the photophysical properties.

2.1. Introduction

Dioxolenes (catecholate, semiquinone, and quinone series) have received considerable
attention as prominent class of compounds thanks to thier important role in chemistry
and biology. It is indeed noteworthy that plenty of biologically active molecules contain
a quinone functions on their structure (es. vitamin K)’. The role they have in biological
systems is often related to their fast electron-transfer ability and rich electrochemistry,
that candidate them as main subjects for several studies. But the reported examples of
their use as m-bonded ligands for metal complexes and their coordination chemistry
have just developed over the past 30 years. *
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Specific studies on these systems revealed the strong coupling between the d-orbitals of
transition metal and the low-lying n*-orbitals of the quinone unit, both very close in
energy. Such interaction produces in these frameworks essentially covalent frontier
orbitals (HOMO and LUMO), in which the valence m-electrons are delocalized over
both metal and ligand.’

The quinone ligand may adopt three electronic forms as redox isomers, different in the
oxidation state: the fully reduced form [catecholate]* (cat®), the one electron oxidized
species [semiquinone] (sq ) and the unreduced quinone form (q) (see Chart 2.1). The
different oxidation states of the ligand are characterized by differences in the orbital
coupling with metal d-levels and thus in the total charge distribution of the whole
assembly, providing distinct electrochemical and spectroscopic behaviours.

The diketone unit (q) is a weak donor, readily subject to displacement, thus less used as

- ¢ -~ O
0] (0] (O
q sq

Chart 2.1. Schematic representation of the three redox isomers of dioxolene ligand: quinone
(q), semiquinone (sq ) and catecholate (cat™).

cat?-

ligand, while the catecholate form is the most common coordination mode, as strong ¢
and 7 donors, nucleophilic enough to coordinate electrophilic metal ions.**°

This different tendency implies different nature and position for the absorption bands of
their assemblies, with cat® form usually acting as donor in ligand-to-ligand charge
transfer states (LL’CT), and sq and q species, as electron acceptors in metal-to-ligand
charge-transfer (MLCT) states.’

For instance, ruthenium complexes, when the ligand is in its semiquinone form, show
an absorption in the near-IR region, due to a Ru(dm)—sq(n*) metal-to-ligand CT
(MLCT) band, instead when the ligand is in the fully oxidized redox state (q), the
absorption moves in the visible region, as reported in Figure 2.1.°

This electrochromic behavior and the particular electronic structures of such systems
open the way to different possible applications for the development of electrochromic
material as components of modified electrodes for solar energy conversion and
catalysis,* for modulation of optical signals'® or as anchors to semiconductor surfaces
in the photovoltaic fields."'

Till now, the big limit to technological applications has been the poor luminescence
ability of these supramolecular assemblies, "> due to the fact that the quinone unit
introduces accessible low-energy electronic states, leading to the quenching of metal
centre luminescence through electron transfer mechanism.’

The study shown in this chapter has particular relevance from two points of view. First
of all, it has widened the knowledge about dioxolene assemblies involving metals such
as rhodium, iridium, ruthenium and platinum, not particularly reported in literature till
now. In particular, Thompson et al. introduced one cyclometallated iridium complex
with semiquinone ligand, revealing a proper strategy to improve emission properties of
these supramolecular systems. Apart from this example, few details are offered by the
literature.'>'*
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Figure 2.1. Electronic spectra recorded with an optically transparent thin layer electrode
(OTTLE) cell during the oxidation of 10° M [Ru'(NH;)4(Cat)]" (as chloride, solid line) to
[Ru"(NH3)4(Q)]*" (final --- line) in aqueous 0.2 M KCI. (From Ref. 8)

The photophysical study of the investigated systems indeed highlights the positive role
of stable M(Cp*/bz) (Cp* = pentamethyl-cyclopentadienyl and bz = benzene) fragment
coordination to the catecholate/thiolate ligand in turning on luminescence, both in
octahedral and square planar complexes, through enhancement of the donor ability of
the new “organo-metalloligand”.

2.2. Results and Discussion

2.2.1. Ir(IIT), Rh(IIT) and Ru(II) coordination assemblies with
n -bonded Catecholate ligand

The first two series under analysis are composed of cyclometallated phenylpyridin
Rh(IIT) and Ir(Ill), and polypyridin Ru(Il) coordination assemblies, comprising an o-
benzoquinone ruthenium complex as chelating ligand. Details about the synthesis can
be found in references,'® whereas the structures are shown in Chart 2.2 and 2.3.

In the first series, the heterodinuclear derivatives differ for the substituent in para
position to the nitrogen of the pyridine moiety of phenyl-pyridine cyclometallating
ligand: there are indeed two ester-substituted systems (1 and 2, with rhodium and
iridium, respectively) and four ionic derivatives, ammonium and lithium acetate-
substituted (3 and 5 with rhodium, 4 and 6, with iridium).

In the second series instead, all the assemblies are homodinuclear, composed of two
Ru(II) units, and differ for the increasing conjugation of the ancillary polypyridyl ligand
on one of them. The polypyridyl moiety is bipyridine (bpy) in compound 7,
phenanthroline (phen) in compound 8 and diphenylphenanthrolin (dip) in compound 9.
The design of these compounds has been prompted by preliminary careful evaluation on
the single components. It was found that organometallic moieties such as Cp*M (M =
Ru(Il), Rh(IIT) and Ir(IIT)) can stabilize reactive intermediates by modifying their
electronic properties.'® And the combination with n-bonded quinonoid units, enhancing
their donor ability (acquisition of more catecholate contribution), '’ produces
organometallic (OM) ligands particularly effective for the preparation of new
assemblies with improved properties of luminescence.
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Further developments have been obtained by changing the quinonoid OM-unit and the
ancillary ligand, giving rise to compounds with panchromatic absorption with high
extinction coefficients, in same cases, and unprecedented luminescent ability."”

2.2.1.1. Cyclometallated Ir(I1l) and Rh(III) coordination assemblies with = -bonded
Catecholate ligand

Chart 2.2. Schematic representation of the ester-substituted 1 and 2 and of the acetate-salts 3
and 5, 4 and 6 of the cyclometallated Rh(III) and Ir(IIl) coordination assemblies.

Absorption. The absorption spectra of rhodium 1, 3, 5 and iridium complexes 2, 4, 6
recorded at room temperature (rt) in CH;OH (MeOH) solutions (¢ = 2 x 10~ M) are
reported in Fig. 2.2, and related data are summarized in Table 2.1.

To a first view, for the complexes 3, 5 and 4, 6 the absorption profiles appear almost
unaffected by the type of counterion, while the change in the metal centre introduces
some modifications: on going from Rh(III) to Ir(IIl) absorption profiles, a red shift is
clearly visible."® The long tail towards lower energies exhibited by the Ir(III) derivatives
can be explained with the stronger spin-orbit coupling of the metal (spin-orbit coupling
constant values, (g = 1259cm™; ¢ = 3909 cm™)" that enhances the probability for
singlet-to-triplet transitions to occur. This effect can be explained taking into account
that in a molecule with atoms of high atomic number, spin-orbit coupling introduces a
component of singlet character into the wavefunction of excited triplet state, and a
component of triplet character into the wavefunction of the singlet ground state. Thus,
thanks to a mixing of the states, the electric dipole transition moment for the forbidden
transition acquires a reasonable magnitude and the direct absorption from singlet ground
state to triplet excited state becomes partially allowed."

The ester-substituted derivatives 1 and 2 display some sets of bands similar to that of
the respective ionic congeners but significantly red-shifted as effect of the absence of
the negatively charged carboxylate group on the cyclometallating ligand.

Going deeply in details, in the absorption profiles of both ester- and acetate- substituted
derivatives it is possible to observe a band in the high-energy region, with A,y at about
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257-270 nm, originating from spin-allowed 'm-n* ('LC) transitions centred on the
phenylpyridine ligands. It approximately corresponds to that of the free protonated
ligand.*
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Figure 2.2. Absorption spectra of 1-6 complexes coordinated by (Cp*Ru)(cat) chelating ligand
in CH;0H solution at rt.

At lower energy, in the region from 350 to 500 nm for rhodium, and from 350 to 600
nm for iridium derivatives, an envelope of bands with mid values of extinction
coefficient (¢ < 10° M cm™) appears. The respective positions and absorption
intensities can give some indications about their nature, anyway not of simple
attribution, because of the strong mixing between metal and ligand orbitals.

The photophysical properties of transition metal complexes and of organometallic
compounds were usually interpreted taking into account, as simplifying assumption,
both the ground and the excited states as described by a localized molecular orbital
(MOs) configuration. For this reason, the various spectroscopic transitions were
basically classified as metal centred (MC), ligand centred (LC) or of charge transfer
character (either metal-to-ligand, MLCT, or ligand-to-metal, LMCT). If such
classification can be quite safely adopted for transition metal complexes, it is less
precise for organometallic compounds, where metal-ligand bond is characterized by a
large degree of covalency. Furthermore, in presence of strong electron donor ligands,
the former assumption results even less valid and other types of orbitals have to be
involved for a correct interpretation of the spectroscopic properties. Thus it is perfectly
reasonable to assume a mixed nature for the transitions responsible for the moderately
intense bands in the visible region. First of all, excited states of 'MLCT nature, related
to the Ir(III) and Rh(III) phenylpyridyl moieties, has to be pointed out.

Moreover, further contributions of CT character, from the occupied d metal orbitals to
the ©* MOs of the metallated dioxolene moiety, have to be included together with
additional components of covalent metal-C~ o bond to ligand charge transfer ('SBLCT)
and mixed 'MLCT/intravalent charge-transfer ('ILCT) nature.*' This twisted attribution
can be supported by another information from the literature: in these assemblies,
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particularly when the metal in the OM-linker is ruthenium, as effect of the coordination,
the catecholate unit seems to give an higher contribution in the description of HOMO
orbitals of the entire assemblies, while the LUMO levels are almost completely centred
on the ppy ligands (see Figure 2.3). **'"

LUMO+3

-

LUMO+2

LUMO+1

LUMO

HOMO

HOMO-1

-E P BN w
" F FY R

I

Figure 2.3. Electron density plots calculated for the bimetallic complexes 5-7 (From Ref. 22;
complexes of the form Ru(bpy),[(Cp*M(0-CcH40,), with M =Ru in 5, Rh in 6 and Ir in 7].

Emission. The photoluminescence investigation has revealed the good outcome of the
adopted synthetic strategy, producing clear improvement in the emission properties with
respect to the parent non-metallated o-quinone coordination compounds. In fact, the -
bonded dioxolene derivatives under analysis display a successful bright emission in
frozen solution and moderate intensity in solution at rt.

The normalized luminescence profiles recorded at 77 K in CH;0OH: C,HsOH (1:4)
glassy solutions are shown in Fig. 2.4, and the relevant photophysical parameters, both
at room and at low temperature, are reported in Table 2.2.

For rhodium derivatives 1, 3 and 5 no emission in solution at rt has been detected, while
iridium complexes 2, 4 and 6 weakly emit with low quantum yields (¢ = 0.5-5.2 x 107)
in de-aerated solution and with lifetimes in the ns range (Table 2.2 and Fig. 2.5).

As expected, for all complexes 1-6, intense luminescence at 77 K has been detected,
remarkably blue-shifted for the Rh(III) complexes 1, 3 and 5 with respect to the
corresponding Ir(IlT) derivatives 2, 4 and 6, as in absorption. Further differences are
revealed in the spectral profiles: complexes 1, 2, 4 and 6 display almost not-structured
emission bands while the ionic rhodium derivatives show particularly featured
structures. Again in agreement with the trend registered in absorption, the luminescence
spectra of the ester-substituted systems 1 and 2 are red-shifted with respect to those of
the ionic congeners, thodium 3 and 5 for 1 and iridium 4 and 6 for 2. Furthermore, for
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the ionic assemblies, the spectral profiles of the species with the same central metal,
Rh(III) or Ir(IlT), are almost completely superimposable (see Fig. 2.4), highlighting that
also in emission the different cations do not induce relevant difference in the
photoactive energy levels.
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Figure 2.4. Emission spectra of 1-6 complexes coordinated by (Cp*Ru)(cat) chelating ligand in
CH;0H: C,HsOH (1:4) glassy solution at 77 K.
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Figure 2.5. Emission spectra scaled for quantum yields of iridium derivatives 2, 4 and 6 in de-
aerated CH;OH solution at rt.

For the iridium series, a comparison between rt and 77 K luminescence is possible: as
typical feature of charge transfer (CT) excited states, on going from solution to glassy
matrix, an ipsochromic shift of the emission peaks appears. This effect is called
rigidochromism and depends on the reorganization of solvent molecules around the
excited complex, after a charge transfer event. In solid matrix such rearrangement is
prevented due to environmental restraints on molecular motion. Thus the arising excited

33



state stabilization that should stem from the reorganization event, cannot take place,
resulting in a destabilization of the light-induced excited state.

To better understand the nature of the excited states responsible for the emission in
these compounds, analysis of luminescence decays has been performed. Non-mono
exponential lifetime components were required to adequately describe the recorded
decays. The values of lifetimes obtained from this analysis are in the microsecond range
(Table 2.2), consistent with emissions originating from *LC-"MLCT transitions, centred
into the Ir(ppy), moiety.>

Aggregation phenomena. From a deeper examination of the spectral shapes, it is
possible to observe the presence of multicomponent emissions at 77 K. In particular,
iridium derivatives 2, 4 and 6 and rhodium complex 1 display a low intensity peak or a
shoulder on the high-energy side of the emission curve.

These particular shapes could be ascribed to aggregation phenomena, occurring just in
condensed media, and not in solution at rt, as result of the solid-state packing
interactions. Such aggregation event is also in agreement with solid-state X-ray
analysis. This investigation has suggested the formation of 1D supramolecular
assembly, formed through n—r stacking between the phenyl ring of one cyclometallating
ligand and the pyridine of another (see Fig. 2.6). The n—r interactions occurred in two
different directions.

Additional investigations have been performed to confirm such evaluation. The main
proof has been obtained through the measurement of the luminescence spectra at
increasing concentrations of the complexes because under this condition the aggregate
forms should increase. The experiments confirmed the hypothesis and in fact the ratio
between the intensities of low and high-energy peaks rose upon increasing of the
complex concentration in solution (see Fig. 2.7) for complex 6. Having ascertained the
origin of the multicomponent emission, a deeper investigation has been conducted to
clarify the exact character of such aggregates. The observed behaviour is indeed
consistent with both dimer and excimer formation, displaying broad, structureless, long-
lived and large Stokes’ shifted emission. These features are the main evidences
achievable from emission analysis for strong m-stacking interactions between pairing
molecules, and are induced by the large displacement of the excited state, occurring
both in dimers and excimers. Before explaining how it was possible to establish which
form of aggregation we encountered, it is necessary to clarify the difference between the
two possible species.

An excimer is defined as a dimer, present in its associated form upon excitation and
dissociated in the ground state. This definition is proper for systems analyzed in fluid
solution, instead for rigid matrix it has to be revised due to the environmental restraints
on molecular motion. In this condition an excimer has been redefined as a dimer,
associated in the excited state but dissociated in the ground state, in the sense that it
would dissociate in the absence of external restraints.>*
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Figure 2.6. (a) Molecular structure of 1 with atom partial numbering system. (b) Solid state
packing between individual units showing 7m-m interactions to generate 1D supramolecular
chain. (From Ref. 15a)
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Figure 2.7. Normalized emission spectra of complex 6 in CH;OH: C,HsOH (1:4) glassy
solution at 77 K at different concentrations (¢ = 0.35-3.40 x 10™ M).

The way to establish the real nature of the aggregates consisted of the indirect analysis
of their ground state in glassy matrix, afforded both performing emission experiments at
different excitation wavelengths and recording excitation spectra at the wavelengths
corresponding to the two main luminescence peaks.

The results obtained from these measurements converged perfectly: the different
excitation profiles registered at the two emission peaks (Figure 2.8) and the dependence
of the emission shape on the excitation wavelength, as can be observed from the
emission map reported for compound 6 in Figure 2.9, let us safely infer that the
aggregates are already formed in the ground state, thus they are dimers and not
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excimers. And the multiple emissions are due to the excitation of both monomers and
dimers present in solution (see Figure 2.10).
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Figure 2.8. Arbitrarily scaled absorption spectrum in CH;OH at rt (black line) and excitation
spectra in CH;0H: C,HsOH (1:4) at 77 K of complex 6; Aey, = 520 nm (blue line) and 570 nm
(red line).
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Figure 2.9. Emission map of complex 6 in CH;OH: C,HsOH (1:4) at 77 K at different
excitation wavelengths.
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Another point to clarify is related to the mode of formation of the bimolecular excited
states, achievable exciting the dimers in its ground state or (a) directly or (b) through
energy transfer from the excited monomer

(@ (MiM2) 53 (M Ma)* — (M My)*

hvu 1 3
(b) (Ml) il Ml*—> Ml*
3M1* + (Mle) ->M; + 3(1\/[11\/[2)*

In the case (b), the luminescence decay of the excited dimeric species should contain a
rise time component, with a lifetime corresponding to the decay time of the monomer,
as a consequence of the energy transfer process. In the systems here investigated any
negative lifetime component has never been observed in the kinetic analysis of the
decays. Thus, it can be concluded that the dimer, already formed in the ground state, is
directly excited, as also supported by XRD.*

To obtain the spectral shape of the single components from the global spectra, time-
resolved luminescence analysis has been performed, achieving as result the weighted
mixtures of all decay components. Such experiment has been conducted by registration
of the emission decay kinetic traces of the specimens in a range of wavelengths fixed
between 400 and 800 nm, using one excitation wavelength. From the global analysis
applied to each registered trace, the lifetimes of both monomer and dimer have been
assigned and by plotting the amplitudes of the individual kinetic components as
function of the wavelength, the distinct spectra of the two components have been
obtained, as decay-associated spectra (DAS). These profiles should be that obtained if a
selective excitation of the single components could be achieved. The detailed procedure
is reported in Chapter 6.

The spectra obtained for Ir(Il) complexes 2 and 6 are reported in Fig. 2.10 (bottom)
where the blue line, at higher energy, is the shape attributed to the monomer emission,
well-structured and shorter-lived, while the red line, at longer wavelength and almost
unstructured, accounts for the luminescence of the dimeric component, with longer
lifetime. Identical experiments have also been conducted for Rh(III) derivatives 1 and 5
and the results are reported in Fig. 2.10 (top).

It is interesting to note that the measured decay time of the monomer emission is much
shorter than that of the dimer. This behaviour can be explained attributing to the dimeric
phosphorescence transition a more symmetry forbidden character than that of the
monomer. In this condition in fact, the non-radiative rate constant for the deactivation of
the dimer is lower than for the monomer, justifying the difference in the lifetime values.
However, this is not in line with the most common trend of lower lifetimes for
aggregate forms. Nevertheless, D ’Andrade and Forrest recently showed quite efficient
emission from triplet excimers formed on heavy organometallic phosphor molecules.
The emission spectra displayed by the powder of such assemblies at 77 K (Figure 2.11)
show an unstructured luminescence, red-shifted and longer-lived than in CH;OH:
C,HsOH (1:4) glassy matrix. These emissions can be reasonably ascribed to the excited
states of oligomeric species, with higher excitonic delocalization than in monomer and
dimer.
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Figure 2.10. Decay Associated Spectra (DAS) of 1 and 5 (top) and 2 and 6 (bottom) in CH;0H:
C,HsOH (1:4) at 77 K of monomer (blue line), dimer (red line) and sum of the two components
(black line).
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Figure 2.11. Normalized emission spectra of powder samples of 1-6 at 77 K; Aex. = 390 nm.
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Table 2.1. Absorption properties of the complexes 1-6.

Amax, N (Emax x 107, M cm™)

6

270 (32.3), 321 (17.4), 400 (3.1)

265 (29.3), 311 (15.6), 388 (3.1)

265 (28.9), 310 (15.1), 386 (3.2)

263 (38.6), 302 sh (20.6), 325 sh (15.7), 390 (8.9), 431 sh (5.9), 516 (2.9)
257 (32.3), 290 sh (20.6), 365 (7.1), 413 sh (4.4), 476 (2.2)

257 (32.6), 291 sh (20.6), 360 (7.3), 414 sh (4.5), 472 (2.2)

*In CH30H solution at rt; sh is shoulder.

Table 2.2. Emission properties of the complexes 1-6.

I't[a] 77 K[b]

)\.max, nm q) T, NS 7\.max, nm

1 n.d. -() -0) 490, 524

3 n.d. -(-) -0) 477,512

5 n.d. -(-) -0) 478,512

2 606 0.6x107 37.4 553, 608
(0.4x107) (26.6)

4 606 5.0x107 243.6 518, 568
(3.2x107) (27.3)

6 606 5.2x107 43.6 520, 568

(3.0x107) (27.3)

“In de-aerated (air-equilibrated) CH;OH solution at rt. ®In CH;0H: C,HsOH (1:4)
mixture at 77 K. Aex = 390 nm for steady state and Aex = 370 nm for time-resolved
measurements. n.d. is not detected.
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2.2.1.2. Polypyridyl Ru(Il) heteroleptic complexes with quinonoid organometallic
linker

Chart 2.3. Schematic representation of the polypyridyl Ru(Il) coordination assemblies 7-9 with
the Ru(Il)-based quinonid organometallic linker.

Absorption. The absorption spectra of complexes 7-9, reported in Fig. 2.12, have been
recorded in CH,Cl, (DCM) solution at room temperature and relevant photophysical
data are collected in Table 2.3.

Going from higher to lower energy, absorption profiles of the complexes can be
described taking into account the presence of three common features. At about 267-297
nm, an intense band appears as typical fingerprint of polypyridine complexes, ascribed
indeed to ligand-centred ('LC) m-m* transitions and involving just the polypyridine
moiety. At mid-energy a moderately intense band arises at about 344-363 nm, with

T em™. Its nature is not of

extinction coefficient values lower than 1 x 10* M
straightforward attribution. In the low energy side of the spectral range, a band peaking
between 563 and 582 nm appears, characterized by the expected intensity for a '"MLCT

transition.”
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Figure 2.12. Absorption spectra of complexes 7-9 in CH,Cl, solution at room temperature.

The main peculiarity of the absorption properties of complexes 7-9 is their
panchromatic behavior. In fact, if compared with [Ru(bpy)s;]*" as model compound,
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their CT band results significantly red-shifted and more intense, tailing beyond 700 nm
with not negligible extinction coefficient values, higher than 5 x 10> M c¢m™ at about
700 nm for 9.
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Figure 2.13. Emission spectra of complexes 7-9 in CH,Cl, solution at room temperature.

Emission. The luminescence spectra of the complexes 7-9, recorded at room
temperature in CH,Cl, solutions, are collected in Fig. 2.13 and the relevant
photophysical parameters in Table 2.3.

All investigated compounds display a clear NIR emission at room temperature in de-
aerated fluid solution, in contrast to the parent non-metallated derivatives.”’

The strategic combination of the strong electron-donor Ru(cat) linker with the low
lying-acceptor polypyridyl ligand induces a bathochromic shift of the MLCT transition,
acting on the HOMO-LUMO gap.

All obtained results are consistent with a *MLCT nature of the emitting excited state, as
also confirmed by the rigidochromic effect observed in the blue shifts on passing from
solution to glassy matrix.

Apart from the good result in term of extension of emission in the red region, the
effectiveness in the design strategy for such class of compounds is also revealed in the
trend displayed by the quantum yields, reported in Table 2.3, increasing as the
conjugation degree in the polypyridyl ligands increases. This effect can be simply
explained by means of the ligand field theory: phen and dip ligands destabilize the
metal centred (MC) states, reducing the deactivation of the MLCT excited state by
population of the non-emitting MC states.”®

In fact, the radiative constant (k, = ¢/t) remains almost constant in 7-9 (k. = 1.0-1.3x10°
s, Table 2.3) and the observed increase in both photoluminescence quantum yield and
excited state lifetime has to be ascribed to a reduction of the rate of non radiative
processes, k-

The better result obtained for 9 than for 8 can be further justified taking into account
that in the excited state the phenyl substituents on the dip ligand can rotate into the
plane of the phen to create a more highly conjugated ligand. Such displacement favours
a greater delocalization of the excited state electron.”

41



In Fig. 2.14 excitation spectra of investigated compounds are reported together with the
corresponding absorption profiles in the region of CT bands, revealing a good
superimposition that validates the attributed nature of the observed emissions.
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Figure 2.14. Normalized excitation spectra (dashes) compared to the relevant normalized
absorption spectra in CH,Cl; (lines) of complexes 7-9 at room temperature.

Table 2.3. Photophysical parameters for the complexes 7-9.

rt” 77 K"

Amax, NN (Emax, M7 cm™ )™ Aoy, nm ¢ T,0S  Ama, M T, S
(eV

7 297 (41,500), 363 (11,800), 968 3.0x10* 23 768 (1.6 1.2

578 (9,000)

8 267 (54,600), 344 (5,500), 483 948  1.0x10° 102 694 (1.79) 2.1
(7,500), 563 (9,400)

9  282(73,500),362sh (8,200, 954  1.6x10° 123  718(1.73) 2.9
497 (9,900), 582 (13,600)

“ In CH,Cl, solution at rt. ° In de-aerated CH,Cl, solution at rt; for quantum yield Aexe =
460 nm, for lifetime measurements Aex. = 465 nm. © In CH;0H: C,HsOH (1:4 v/v) solution,
Aexc = 460 nm; for lifetime measurements Aqy. = 465 nm. 4 From Ref. 12b.
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2.2.2. Square-planar Pt(II) chelated by novel
(Catecholate/Benzenedithiolate)M complexes

Square-planar polypyridyl platinum(Il) complexes have attracted much attention in
recent decades because of their photochemical and photophysical properties®” that make
them really interesting for application in organic light-emitting devices (OLEDs),>"""!
molecular sensors,>> photochromic materials > and as phosphorescent probes for
bioimaging.**

Moreover, these d® complexes, due to their free coordination sites, can undergo
additional reactions of self- and cross-quenching,’® exhibiting high photoreactivity’® and
photocatalytical properties that widen their field of applicability.

The main limit of such class of compounds is related to the presence of low-lying non-
emissive metal-centred (MC) d-d excited states close in energy to the emissive MLCT
states and thus thermally accessible. MC states can compete with population of the
neighbors MLCTs, offering an efficient non-radiative deactivation pathway to the
molecule and quenching partially or completely its luminescence in solution at room
temperature.

Several strategies to overcome this limit and to fine-tune emissive behaviour have
already been widely explored, comprising the increase of the MLCT states population
and raise of the d-d LF excited states energy. These effects can be obtained,
respectively, through introduction of strong m-acceptor ligands, that stabilize the MLCT
states, and through incorporation of strong o-donor ligand, able to push the non-
emissive MC states to higher levels, as a result of the enlargement of d-d orbital
splitting.

The most common approach in tuning luminescence properties consists in the coupling
of linear cyanide or alkynil groups. They, particularly with extended or conjugated m-
systems and linear rigid structure with linear geometry, work as strong ligand field
groups due to their strong c-donating ability, enhancing the luminescence properties of
Pt(IT) complexes through the raise of the d—d state to inaccessible energies.”’

In this section a new approach toward the activation of Pt(II) complexes luminescence
properties will be discussed, based on the strategic design of a new class of compounds
obtained through chemical modification of the noninnocent 1,2-dioxolene chelating
ligands and their dithiolate derivatives, at a supramolecular level, by using the “complex
as ligand approach”, as reported for the series reported above.

Complexes with benzoquinone-type ligands were extensively studied because of their
interesting spectro-electrochemical behavior but nevertheless, there are only relatively
few catecholate complexes of Pt(II) already known,>® and only recently the
photophysical properties of Pt(Il) heteroleptic assemblies based on mixed dioxolene and
diimine ligands have been investigated.””” Here, the discussion will focus on the role of
n-bonded metallated quinonoid ligands in (diimine)Pt(II) chromophores. a novel class
of luminescent compounds, in which the metal in the “organometalloligand” is changed
from Rh(III) (11), to Ir(IIl) (12), to Ru(Il) [13 with Cp*Ru unit and 14 with (bz)Ru
unit].
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In addition, a series of cyclometallated platinum(Il) complexes, thought always with the
purpose to achieve improvement in luminescence properties, has been analyzed and will
be reported below, with the metal centre surrounded by phenylpyridine and its two
derivatives [(ppy) for 15, 2-(2,4-diflurophenyl)pyridine (dfppy) for 16 and 7,8-
benzoquinoline (bzq) for 17 complexes] and by Cp*M-dithiolate chelating ligands as
OM-linkers, always in a square-planar coordination mode.

Prior to this work, only recently two simple square planar anionic cyclometallated Pt(IT)
complexes of the form [(C"N)Pt(benzenedithiolato)][NBus] have been described by
Herrero and coworkers,” but they exhibited lower luminescence performances.

The synthetic procedures for the two series of Pt(Il) assemblies are reported in
references,’' whereas their structures are shown in Chart 2.4 and 2.5, respectively.

2.2.2.1. Bipyridyl Platinum(Il) with m-bonded Catecholate ligand
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Chart 2.4. Schematic representation of the model catecholate system (bpy)Pt(Il) (10), of the
quinonoid organometallic ligand (Lom) and of the novel (bpy)Pt(Il) coordination assemblies
with Rh(III) (11), Ir(IIT) (12) and Ru(Il) (13 and 14) catecholate ligand.

Absorption. The investigation on absorption properties of Pt(Il) catecholate complexes
10, 11, 12, 13 and 14 has been performed in dilute CH;CN (ACN) solution (¢ =2 x 10~
M) at room temperature (rt) and relevant data are collected in Table 2.4 and in Fig.
2.15.

The complex 10 represents the starting species for the fabrication of the series and is the
non-metallated derivative, with neutral neat charge and without the Cp*M moiety
attached to the quinone ligand. Its absorption profile displays peculiar transitions,
extended in the visible region up to 700 nm. Starting their description from the high
energy region, four bands below 360 nm (dotted line in Fig. 2.15) can be primarily
mentioned.

The band peaking at about 290 nm has been assigned to intraligand 'm-n* transitions,
centred on the a-diimine fragment and is the typical identification feature of bipyridyl
metal complexes.* Other bands appear in the region between 290 and 360 nm,
ascribable to charge-transfer transitions from the d orbital of the metal to n-antibonding
orbitals of the ancillary ligand. The band responsible for the quasi-panchromatic
absorption of such compound is centred at about 530 nm, with a moderately high
extinction coefficient (gmex = 5200 M '-cm™') due to the presence of the heavy atom
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effect. This can be assigned to a charge-transfer transition of LcalupyCT nature,
involving the two chelating ligands and starting from the highest occupied molecular
orbital (HOMO), mainly on dioxolene, and reaching the lowest unoccupied molecular
orbital (LUMO), exclusively centred on the a-diimine. The presence of additional
singlet-triplet transitions explains the wide broadening of this band.
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Figure 2.15. Absorption spectra of the monometallic model complex 10 and of the dimetallic
assemblies 11, 12 and 13 and 14 in CH;CN solution at rt.

For a schematic discussion, the metallated derivatives 11, 12, 13 and 14 can be divided
on the basis of the respective total charges that largely influence their absorption
spectra. In fact, while the singly charged complex 13 exhibits good agreement with 10,
particularly below 320 nm, the doubly charged species 11, 12 and 14 differ from the
first two displaying strictly similar behaviour one to another. Anyway, if for the
simplest complex 10 the assignment of the nature of observed absorption bands could
be almost immediate, for the bimetallic coordination assemblies, 11, 12, 13 and 14, it is
not so plain and immediate.

In these complexes, the strong degree of orbital mixing between metal d(w) and ligand
p(m) frontier orbitals, typical of organometallic compounds, characterized by large
degree of covalency along the metal-ligand bond, makes difficult the conventional
interpretation of the spectroscopic properties. In fact, DFT and TD-DFT calculations
have been performed to achieve a correct attribution of the nature of observed bands
(see Figure 2.16). The full dissertation about calculations is reported in the reference.*"
Absorption spectra of the dications 11, 12 and 14 can be described by splitting their
profiles in three main parts that differ in the intensities of the component bands but with
similar shapes and positions. The first two portions are made up of two intense envelops
of bands in the high-energy region of the spectrum, respectively placed at about 260 and
300 nm. The former originates from LomC and Ly, C transitions while the second from
mixed of LomC / MLLoMCT transitions. The marked lowering of the intensity at about
290 nm, in correspondence to the first absorption band of 10, is probably due to the
presence of triplet-triplet transitions. In the last section instead, another band arises at
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about 380, blue-shifted and more intense than for 10 and 13. Transitions of pure
LiLppyCT character for 12 and of mixed LruLppyCT/ LraC and LruLppyCT/ MpLipyCT
nature for 11 and 14, respectively, are responsible for such band.*"
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Figure 2.16. Calculated MOs of compounds 10, 11, 12, 14 and 13 (from the left). (From Ref.
41a)

For the singly charged complex 13, apart from the first band at 280 nm, associated to a
LypyC transition, and a little peak at about 320 nm, ascribable to Lr,LupyCT transitions,
other two bands appear in the low energy part of the spectrum. The first band, peaking
at 430 nm, is reasonably associated to charge transfer transitions, based on the
observation of a solvatochromic effect. A blue shift of 16 nm is observed on going from
the less polar dichloromethane to acetonitrile solution (dielectric constant values, € =
8.93 and 35.94, respectively). In particular in agreement with literature data, it seems to
be indeed ascribable to a mixed-metal-ligand-to-ligand charge transfer (CT) transition,
from an orbital of mixed metal and catecholate composition to a lowest unoccupied
orbital localized on the diimine ligand. * At 525 nm the second band arises, appearing
as a shoulder of the previous one. It is very close in energy to the corresponding
LeatLipyCT transition band in 10 but with greatly reduced intensity and can be safely
attributed to transitions of similar nature.

The main differences evidenced between the complexes of the series can be explained
by means of their different charge distribution within the OM-ligand, depending on the
withdrawing effect of the (Arene)M moieties on the catecholate. It increases along the
series of dicationic assemblies in the following order 14 > 12 > 11. Also in the case of
the monocation 13 the cat moiety acts as an electron donor toward the (Cp*)Ru unit
(Pt(IT) always acts as a bridge for the exchange of electrons between the bpy and OM-
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ligand). Thus, in all systems, the HOMO-LUMO gap increases with the oxidation
number of the metal in the (Arene)M unit. And this can explain the large blue shift
observed for 11, 12, 13 and 14 with respect to 10, in the absorption spectra.

Emission. The analysis of luminescence properties revealed that, apart from 13, none of
the examined complexes display emission ability in de-aerated solutions at rt, while all
of them 10-14 display bright emission in glassy mixture of CH3;OH: C,HsOH (1:4) at 77
K. All related photophysical parameters are reported in Table 2.4 and the associated
emission profiles are collected in Figure 2.17.

The emission investigation highlights the double effect of the coordination of the
M(Cp*/bz) unit to the cat ligand on the luminescence properties: the supramolecular
assemblies 11, 12, 13 and 14 at low temperature exhibit both an increase of the
luminescence, unlike the parent non metallated 10, and a modulation of the emission
wavelength upon substitution of the metal in the OM ligand.

The Rh(IIT) and Ir(IIT) dicationic derivatives 11 and 12 display in glassy solution at low
temperature an unstructured emission band, peaking at about 590 nm with lifetimes in
the ps range and no luminescence at room temperature.

For Ru(II) derivatives 13 and 14, mono and di-cationic respectively, the emissions at 77
K are very similar in energy (Amax = 515 and 530 nm, T = 30.0 and 6.3 ps, respectively),
confirming the common nature for their emitting excited states. For 14 the emission is
weaker and shorter-lived than for 13, suggesting a lower emission quantum yield with
respect to the Cp*Ru analogue.

The emission energy of the metallated assemblies can thus be tuned over a wide range,
from green to orange, by simply changing the metal centre (M = Rh, Ir or Ru) in the
OM linker.

Intensity (a.u.)

Wavelength (nm)

Figure 2.17. Emission spectra of the monometallic model complex 10 and of the dimetallic
assemblies 11, 12, 13 and 14 in CH;0H: C,HsOH (1:4) glassy matrix at 77 K (full lines) and of
13 in CH,Cl, solution at rt (dotted line). A = 0.1 at Aexe = 370 nm; the spectrum of 13 at rt has
been normalized to that observed at 77 K.

Beyond the tuning effect, this organometallic ligand has also the notable effect of
increasing the luminescence intensity, especially when Ru(Il) is present, as already
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observed in the above discussed series of octahedral heteroleptic Rh(III) and Ir(III)
complexes.**

The additional effect on luminescence properties is observed in the best performing
mono-cationic assembly 13, displaying emission at rt, too. Its orange-red luminescence,
recorded in CH,Cl, solution (Amax = 586 nm, ¢ = 3.4 x 10, and T = 56.4 ns) increases
upon removal of oxygen (¢ = 4.1 x 10 and t = 67.1 ns), as expected particularly when
the emission is ascribed to long-lived formally forbidden triplet excited-state transitions.
The value for the radiative rate constant calculated from experimental data (¢ /1), k; = 6
x 10* ™', is comparable to that already observed for other organometallic Pt(II) square
planar complexes with bpy ligands.’**’ The large blue shift of the emission of ca. 2300
cm ' observed on going from rt to 77 K, and the broad and not-structured shape of the
emission profile are all indications of a clear and reasonable attribution of CT nature to
the excited state responsible for the emission.

Table 2.4. Photophysical parameters for the complexes 10-14.

77K"!
Amax, MM (Emax x 107, M cm™) Amax, NM T, US
10 245 sh (18.9), 290 (27.5), 320sh (7.0), 361 (2.5), 530 7.3
532 (5.2)
11 259 (39.3), 306 (22.1), 319 (23.6), 390 (15.9), 595 (601) 6.5
509 (1.1)
12 258 (37.0),306 (21.7), 319 (25.1), 373 (10.1), 590 (553) 3.8
491 (0.3)
13 245 (21.7), 280 (23.6), 320 (8.3), 430 (4.8), 524 515 (514) 30.0
(1.5)
14 257(29.1),307 (18.5), 319 (22.2),379 (9.5) 530 (516) 6.3

“In CH5CN solution at rt; sh is shoulder ° In CH;0H: C,HsOH (1:4) at 77 K; the
calculated emission energies are reported in parentheses.
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2.2.2.2.  Neutral Cyclometallated Platinum(ll) Complexes with m-bonded
Benzenedithiolate

(I \ J

15

Chart 2.5. Schematic representation of the [Cp*Ru)(benzenedithiolate)]Pt(I[)(C"N)
supramolecular assemblies with different cyclometallating ligands such as phenylpyridine (ppy)
(15), 2-(2,4-diflurophenyl)pyridine (dfppy) (16) and 7,8-benzoquinoline (bzq) (17).

Absorption. The UV-Vis absorption spectra have been measured in CH,Cl, solution at
room temperature for the complexes 15-17. Their profiles are reported in Figure 2.18
while the key parameters collected in Table 2.5.

For a description of absorption properties of such complexes, first of all it is important
to underline the effects of Ru(Cp*) linkage to the benzenedithiolate (bdt) unit. It
induces the increase of the intensity for the CT band and its blue shift (Amax = 426 nm
and enex = 9000 M'ecm™ for 16) with respect to that of the parent non-metallated
complex [(ppy)Pt(bdt)] (Amax =479 nm and g = 5500 M "'em™).* This behaviour can
be simply explained taking into account the stabilization of the molecular orbitals
centred on the Pt(bdt) fragment, induced by the coordination of Ru(Il), that does not
influence the energy levels localized on the cyclometallated ligand, but anyway
increases the HOMO-LUMO gap and thus the amount of energy required for the charge
transfer transition towards ppy ligand.

The discussion of the main details of the absorption spectra of such complexes is
conducted below moving from higher to lower energy. The assemblies 15 and 16
possess the same basic features and do not seem to be significantly affected by the
different cyclometallating ligand (ppy and dfppy, respectively), nor in shape nor in
intensity of absorption bands, while in the case of 17 (bzq as C*N ligand) a new band
arises at about 360 nm and some other slight differences appear.

One of the common features for the three complexes is an envelop of intense bands in
the near UV region of the spectrum, between 250 and 350 nm, with value of extinction
coefficient at about 260 nm in the range 20000-25000 M'cm™. This peak can be
assigned, by comparison with literature data, to intra-ligand (IL) n-n* transitions and its
energy is indeed very close to that reported for uncoordinated phenylpyridine.”” An
additional contribution is given by metal-perturbed ligand centred (LC) transitions on
the cyclometallating ligand, appearing at about 300 nm and less pronounced in complex
17 than in 15 and 16.%

talk in general terms about “charge transfer to ppy” as reported in systems with similar
behaviour in presence of bpy in place of ppy.*’
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Figure 2.18. Absorption spectra of the dimetallic 15-17 complexes coordinated by
(Cp*Ru)(dithiolate) chelating ligand in CH,Cl, solution at rt.

Emission. Photoluminescence has been detected for all the complexes in fluid solution
and in frozen glasses of CH,Cl,:CH3;0H (1:1) at 77 K and the relevant data are included
in Table 2.6 and in Figure 2.19.

All complexes 15-17 are luminescent at low temperature and just the complex 17 has a
non-negligible emission in de-aerated CH,Cl, solution at room temperature thanks to its
more conjugated cyclometallating ligand, as reported for similar compounds with the
M(cat) chelating unit."”

The hypsochromic shift of the emission on going from rt to 77 K, higher for complex
17, and the almost featureless broad spectrum at rt confirm the CT nature of the excited
state.

The shape of emission spectra recorded at 77 K is characterized by a well-defined
vibrational progression, particularly for 15 and 17, accounting for a mixed *LC/MLCT
nature for the emissive excited states of the complexes. Such assumption is also
confirmed by emission lifetime values, standing in the microsecond time range similarly
to other reported cyclometallated platinum(II) complexes.'®

It is important to point out that the increasing conjugation of the cyclometallating
ligands along the series produces a significant red shift of the emission peaks going
from 15 to 17, tuning the luminescence color over a wide range from blue to green-
orange. This result confirms that a strategic and planned modification of the C*N ligand
can drive the emission exactly in the targeted direction.

The choice for the combination of these C*N ligands with the metallated quinonoid unit
is motivated first of all by the positive role of the cyclometallation with respect to the
chelation of the diimine corresponding ligand.”® It is well known that the strong o-
donor ability of the cyclometallated carbon unit destabilizes the non-emitting metal-
centred (d-d) states, increasing its energetic content with respect to that of the ppy
ligand triplet state and thus lowering its population.*’
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Figure 2.19. Normalized emission spectra of the dimetallic 15-17 complexes coordinated by
(Cp*Ru)(dithiolate) chelating ligand CH,Cl,: CH;0H (1:1) mixture at 77 K (full line) and of 17
in CH,Cl, solution at rt (dotted line); Aex = 425 nm.

Table 2.5. Absorption properties of the complexes 15-17.

Amax, M (Emax x 107, M cm™)!

15 259 (21.8), 291 (19.3), 426 (9.0)
16 254 (17,700), 286 (17,900), 420 (8,200)
17 264 (25,400), 358 (9,200), 433 (6,100)

n CH,Cl, solution at rt.

Table 2.6. Emission properties of the complexes 15-17.

rt® 77K™
)\.max, nm q) T, S )\.max, nm T, US
15 510 1.0x10™ 4.7 485 6.0
16 514 0.5x10™ 5.3 498 6.3
17 580 19.7x10™ 157 533 59.0

*In de-aerated CH,Cl, at rt. °In CH,Cl,: CH3;0H 1:1 mixture at 77 K. Aex =
425 nm for steady state emission spectra and Aex = 370 nm for lifetime
measurements.
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2.3. Conclusions

The cyclometallated Ir(IlI) and Rh(III), the polypyridin Ru(Il) and the
bipyridyl/phenylpyridyl Pt(Il) complexes containing n-bonded organometallic ligands
of the form (cat/thiol)M(Cp*/bz) have been investigated focusing on their photophysical
properties, both in solution at room temperature and in glassy matrix at low
temperature. All of them displayed good emission properties, with bright
phosphorescence in condensed media at 77 K, in contrast to that reported for similar
coordination compounds with non-metallated o-quinone ligands. For some of them
phosphorescence has been already detected in solution at rt, with moderate quantum
yield, highlighting the positive role of the M(Cp*/bz) fragment coordination to the
catecholate, in the enhancement of the donor ability of cat/dithiolate ligand. The
effectiveness of (cat/tiolate)M(Cp*/bz) fragment as ligand appears not only in terms of
improvement of luminescence properties with respect to non-metallated parent
compounds, but also in the serious modification induced to the photophysical behaviour
of the attached octahedral and square planar luminophore building blocks. The original
use of organometallic ligands produced several effects: (1) multicomponent emission in
phenylpyridine Ir(IIT) and Rh(III) complexes, by favouring n-stacking interactions; (2)
transformation of traditional polypyridin Ru(Il) complexes in good panchromatic
absorbers and near-infrared emitters; (3) tuned emission of bipyridyl Pt(II) complexes
over a range from green to orange, by changing the metal in the M(Cp*/bz) fragment,
and (4) over a range from blue to green-orange, by changing the cyclometallating ligand
on the Pt(IT)(dithiolate) centre.

The first series of cyclometallated metal complexes, [(C*"N)M(cat)Ru(Cp*)] (M = Ir(III)
and Rh(III)), showed a bright emission in condensed media at 77 K, in contrast to that
reported for coordination compounds with a non-metallated o-quinone ligand.
Moreover, the strong m—m interactions, observed in the solid-state through X-ray
analysis appear also in solution, materialized in the formation of dimeric species already
present in the ground state. Emissions from oligomeric species arranged in 1D
supramolecular chain have also been observed from the analysis of neat film at 77 K.
The second series of polypyridyl Ru(Il) assemblies, [(N*N)Ru(cat)Ru(Cp*)] (NN =
bpy, phen and dip) shows unprecedented luminescent behavior, displaying
panchromatic absorption and clear NIR luminescence in solution thanks to the presence
of Ru(Cp*) fragment. Moreover, by simply increasing the conjugation of the
polypyridyl ligands, an increase of quantum yields has been obtained.

The third series of supramolecular assemblies, [(bpy)Pt(cat)M(bz/Cp*)] (M = Ru(Il),
Ir(IIT) and Rh(III)), displayed a bright emission at low temperature, in contrast to the
parent [(bpy)Pt(cat)] compound, highlighting the positive role of the coordination of the
M(Cp*/bz) fragment to the cat ligand in turning on the luminescence properties.
Notably, the Ru(Cp*) derivative 13 showed phosphorescence already in solution at rt
with moderate quantum yield.

The fourth series demonstrated that in neutral complexes of the type
[(C™"N)Pt(S*S)Ru(Cp*)], the manipulation of absorption and emission properties can be
easily achieved acting on the C*N cyclometallating ligands coordinated to the Pt(Il)
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centre. Noteworthy is the luminescence at rt when the Ru(Cp*) fragment is coordinated
to the bidithiolate ligand, suggesting an alternative strategy for the modification of
excited-state properties.
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Chapter 3

3. Photophysical investigation of multichromophoric arrays
arranged around different types of rigid organic scaffolds

The wide and promising photophysical and electrochemical properties of polypyridyl
metal complexes have prompted the investigation of these compounds during the last
decades, for their potential applications in several fields. In fact, such transition metal
complexes have been widely used as photosensitizers in energy conversion' and in
chemi / electroluminescent systems’, as probes’ and to build macromolecular structure”.
The most studied family of transition metal complexes is the one of [Ru(II)L;] > type,
with L = a-diimine, thanks to the strong visible absorption, stability, efficient emission
and the long-lived excited state exhibited.” In addition to the most popular Ru(Il)
complexes, Pt(II), Os(Il), and Ir(IIT) complexes have been also studied with increasing
interest during the time.’

Luminescence and redox properties of such compounds are sensitive to the nature of
metallic unit, coordinating ligands and local environment, all elements that are able to
influence the variety of energetically accessible charge transfer, ligand field and
intraligand excited states, resulting in the energetic profile of transition metal
complexes.’

Thus, understanding the effects of all these factors on the lower lying excited states
responsible for the most of photophysical and photochemical properties, it is possible to
achieve the rational designing of new and more useful sensitizers and probes.

In the present chapter, Pt(Il), Ru(Il), Os(Il), Ir(Ill) metal complexes have been
discussed. The series under investigation have been divided in two different sections,
based on distinct properties that make them interesting for distinct fields of application.
In particular, the first part is devoted to the presentation of two series of multimetallic
compounds, displaying good properties as antenna systems for solar energy
conversion,®” while the second part is about systems exhibiting intriguing luminescence
properties, useful for their possible application in practical devices, for lighting
purposes.

The works discussed below demonstrate that the smart planning of frameworks
embedding metal units allows a fine control of the properties of the resulting transition
metal-based architectures, enabling their application in many desired fields.

3.1. Introduction

3.1.1. Antenna systems

Polypyridine transition metal complexes have been largely employed as chromophoric
units in supramolecular systems, for both fundamental studies and applicative reasons.
Thanks to their rich photophysics and long-lived triplet excited states, they can be used
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as electron donors/acceptors or light harvesters in properly designed artificial devices
for solar energy conversion applications.

Good supramolecular architectures suitable for such purposes should contain
luminophores with large cross-section, embedded into pre-organized structures, in
which the control of rate and direction of the excitation energy flow among the
components can be efficiently performed and controlled. The first key point in the
construction of energy conveyer systems is indeed the proper energetic displacements of
the excited states participating to the energy cascade. Second key point is the choice of
the bridge between the different chromophores, important component not only for its
structural role, resumable in the control of spatial orientation and distances of the single
photoactive components, but also for the electronic communication that it has to ensure
among them, not isolating completely one from the other. In arrays with photoactive
units linked just by simple saturated chains, for instance, the bridge has a mere
structural function and, providing only weak electronic coupling, makes energy transfer
processes limited in space by the closeness of the units. Instead, when aromatic spacers
are employed, a better electronic communication between the chromophores is achieved
and energy-transfer can occur by super-exchange mechanism, thanks to the mediator
effect of the bridge."'

Moreover, using a large aromatic scaffold able itself to act as photoactive partner, it is
possible to further improve the overall performances, taking advantages of a wider
photon absorption ability, and to perform a better control on the energy transfer flow,
conveying absorbed energy over long distances and in well defined directions, by
modulating the aromatic structure.

Such strategy has been recently under exploration and has produced many reported and
satisfying examples, such as star-shaped multichromophoric systems based on a truxene
core with fully organic or inorganic terminal units.'”

The current discussion, instead, is focused on the introduction of triptycene and spiro-
bifluorene organic bridging scaffolds into pre-organized assemblies. Both these
structures have been chosen for the good properties that they exhibit in terms of
structural and photophysical suitability.

3.1.1.1. Triptycene

Triptycene belongs to the iptycene family and represents its simplest member. It is
composed of three arene units, linked together by a [2.2.2] bicyclic ring system and
displaced in three different planes in particular paddlewheel tridimensional structure.'
Such peculiar shape makes it particularly interesting for the construction of
supramolecular architectures to be used in a plenty of fields. It has been employed as
rotor'* or stator'” in nanodevices, for the construction of host-guest complexes,'® as
molecular cage'’ and chelating ligand in coordination chemistry, as a structure able to
stabilize sterically bended complexes'® and highly reactive intermediates in catalytic
processes,'” and in electro-phosphorescence.”

Electron and energy transfer in rigid triptycene-bipyridine metal complexes' and in
porphyrin-based dyads and triads for charge separation®” has also been investigated.
Due to its properties already reported and to the easy functionalization of its three rings
and fixed displacement in space, 2,6,14-trisubstituted triptycene has been used as
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suitable building block for construction of antenna systems, linking different metallic
units in a well pre-organized structure, able to promote efficient energy transfer events
into the supramolecular architecture.

3.1.1.2. Spiro-bifluorene

Spiro-bifluorene is a chiral scaffold composed of two connected biphenyl units, kept in
perpendicular planes by a central carbon atom of tetrahedral geometry. Due to such
arrangement, the molecule displays a significant electron delocalization over the carbon
atoms adjacent to the central one, giving rise to the phenomenon of the so-called “spiro-
conjugation”.*

Thanks to its structural and stereochemical properties, when the spiro-bifluorene core is
functionalized in 2,2’ position, it participates to the formation of particular architecture,
with favourable linear and nonlinear optical properties, thanks to orthogonally arranged
chromophores appended.**

Furthermore, spiro-bifluorene can act itself as photoactive module, similarly to
triptycene, thanks to good absorption ability and efficient emission in the blue region.
Thus, it can be widely used for the construction of light-emitting devices or for
optoelectronic materials.”> Recently it has been applied in DSSCs, because thanks to the
rigidity that it confers to spiro-based organic dyes, it is able to act against aggregation
and consequent self-quenching phenomena,* besides the fact that higher rigidity for a
dye has good effect on emission properties, increasing photoluminescence quantum
yield (PLQY) and enlarging the range of applicability.*’

All these aspects make spiro-bifluorene interesting and suitable for the design of mixed-
metal complexes, in which photoinduced intramolecular energy transfer events take
place between the main components, in agreement to the expectations of the
programmed strategy.”®

3.1.2. Systems for lighting

In the last century, big progress on the efficiency of lighting devices has been achieved
but due to the enormously increased consumption of electricity the need for further
improvements in terms of widespread availability and sustainability required the
introduction of new lighting approaches. In the last two decades, a new technology has
been developed, based on solid-state lighting,*” able to produce visible light with
reduced heat production, less waste of energy and higher resistance and durability.

The two main types of device belonging to such family are denoted as light-emitting
diodes (LEDs)*” and organic light-emitting diodes (OLEDs).”' Alternative technologies
have also been proposed, such as light-emitting electrochemical cells (LECs).** The
research of phosphorescent materials to be used as dopants in such devices has attracted
great attention toward transition-metal complexes as suitable emitters, prompting
extensive investigation in this field since 1996.%2**

Transition-metal complexes with Ru(Il), Os(II), Pt(Il) or Ir(Ill) metal units are
particularly interesting for this purpose thanks to their strong metal-ligand interaction
and high luminescence efficiencies.’* Such systems in combination with ancillary
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(N”N) and/or cyclometallated (C*N) ligands have become good candidates not only for
lighting applications but also for metal-ion sensing” and oxygen detection’®,

As an example, Ir(III) complexes, such as 2-phenylpyridine Iridium [Ir(ppy)s], have
found wide application in OLEDs, giving high performances and ensuring good
stability.’” They resulted highly suitable thanks to the several favourable properties
exhibited, such as the simple tunability of emission energy and the high phosphorescent
quantum efficiency at room temperature. The main limits of such systems are related to
the low power efficiency and to their luminescence quenching upon increase of
employed concentration.®® Thus, in the attempt to further improve their overall
performances, many strategies have been adopted, based on the modification of already
known and employed ligands, through their proper functionalization with new electron
donating or withdrawing groups or using completely original frameworks, able to
enlarge the emission properties.

3.1.2.1. White emission and Julolidine

White-light-emitting materials have attracted increasing attention in recent years
because the realization of highly efficient white organic light-emitting devices (OLEDs)
is important to achieve energy saving of solid-state lighting, eco-friendly flat-display
panels®® and new designs in lighting technology.

The most simple and used approach employed till now to obtain white emission is based
on the combinations of different emitters, properly chosen in order to cover the whole
visible range from 400 nm to 700 nm. Unfortunately, the use of different emitting
species introduces many problems because different compounds have different colour
aging, thus during the time the images quality dramatically decreases, and moreover the
presence of more compounds makes more difficult the device fabrication.

For such reasons, the search for single emitters able to give by themselves a
panchromatic emission has been carried out and several strategies have been adopted.
For instance, multichromophoric systems *’ or dyes exhibiting excited state
intramolecular proton transfer (ESIPT)*"** have been employed. The first approach
takes advantage of arrays comprising donor and acceptor moieties in their own
structure, among which only partial or frustrated energy transfer process occur, allowing
the emissions from two or many units and thus at many wavelengths.*” The second
approach is based on the use of particular dyes exhibiting excited state intramolecular
proton transfer (ESIPT) and thus able to give double emission from their two tautomeric
forms.*"*

Alternative approaches reported up to now were based on the use of panchromatic
luminescent systems with mixed excited states (e.g. Ir(IIl) complex™) and of species
existing simultaneously in monomeric and excimeric form, with blue and red
luminescence, respectively.** In the latter case, it is possible to achieve an efficient
tuning of the colour by modifying the ratio between monomer and excimer towards the
desired direction, by simply acting on the concentration.

In this chapter, a surprising series of julolidine-based white emitting compounds is
reported. Organic julolidine derivatives, pre-programmed to carry out ESIPT process,
and a supramolecular architecture, in which the julolidine works as bridge between two
metallic chromophoric units, Ir(Ill) and Pt(Il) based, have been investigated. The
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julolidine has been selected for its ability to give N*O chelation on centres like
boron(III) or metal, as effect of its strong electron-donating action.*’ Its basic structure
has been modified through the addition to its central framework of four methyl groups
that, apart from increasing its solubility, avoid the quenching caused by high
concentration, in the solid state or in solutions. Julolidine based materials have already
found application as red emitters in OLED technology™® and in push-pull systems for
exciplex emission at low energy,”” while their application as white emitters, both as
simple organic compounds and embedded in supramolecular architectures has not been
reported till now.

3.1.2.2. Iridium(III) complexes

Cyclometallated Ir(III) complexes are considered promising candidate materials for
lighting applications. They exhibited bright phosphorescence and emission lifetimes in
the microsecond range, all features that make them suitable for OLED applications.

For this purpose, there have been continuous efforts to develop phenylpyridine-based
cyclometallated Ir(III) complexes with finely tuned phosphorescent emissions. To better
understand the studies conducted till now it is necessary to know that in general, the
triplet emission of the most common phenylpyridyne and derivatives Ir(III) complexes
generates from metal-to-cyclometallating ligand charge-transfer (MLCT) transition state
or from cyclometallating ligand-centred (LC) transition state. Moreover, for both
transitions, the lowest unoccupied molecular orbital (LUMO) is usually centred on the
cyclometallating ligand. For such reason, in the attempt to achieve the phosphorescence
color tuning, few investigations have been conducted about ancillary ligands (LX)
modification, preferring instead to act particularly on the electronic structures of the
phenylpyridine-based cyclometallating ligand.

However, this strategy has been frequently limited by unfavorable side reactions and
steric crowding around the Ir(IIl) centre, and moreover it resulted rather inefficient for
the color tuning because it allows to obtain only singly emissive Ir(IIl) complexes.

In addition, the preparation of homoleptic tris-cyclometallated Ir(III) complexes
requires hard reaction conditions and long purification procedures due to the presence
of geometric facial and meridional isomers.*® For all these reasons, new approaches
have been experimented, as the use of new chromophoric ancillary ligands.*

3.2. Results and Discussion

3.2.1. Antenna systems

3.2.1.1. Triptycene series

The family of compounds herein reported is composed of triptycene-based ligands and
metal complexes and their schematic structures are illustrated in Chart 3.1. 1 and 2 are
two types of triptycene ligands, with one and two appended bpy groups, respectively; 3,
4 and 5 are two cyclometallated Ir(IIT) [C*"N = dibenzo[a,c]-phenazine (dbpz) in 3 and
difluoro-phenylpyridine (dfppy) in 4] and one bipyridyl Os(II) monometallic
complexes; 6, 7 and 8 are defined dyads, because contain two photoactive subunits, that
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are one metal complex [Ir(Il) for 6 and 7, Os(Il) for 8] and one triptycene ligand,
linked together through acetylide bridges; 9 is a triad, with two metal complexes, Ir(III)
and Os(II) based, and the ligand; and 10 is a tetrad, built with three metal complexes,
two Ir(Ill) and one Os(Il) systems, and a ligand unit. Such tetrad and triad are the
supramolecular architectures of interest for the first part of this chapter, acting as good
model for antenna systems. The complete understanding of their photophysical
properties has been achieved by studying in details their distinct components, by means
of the analysis of the other compounds properly used as models.
Model compounds have been divided in two groups to simplify the discussion below.
The first group consists of 1 and 2 ligands and 3, 4 and 5 metal complexes while the
second group is composed of the three dyads, 6, 7 and 8.
Details about the synthesis are reported in reference.”
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Chart 3.1. Schematic representation of the cyclometallated Ir(III) (3 and 4) and bipyridyl Os(II)
(5) complexes, of the tripticene-based ligands (1 and 2) and of the mono- (6, 7, and 8), di- (9)
and tri- (10) nuclear coordination assemblies.

Absorption. Absorption spectra of all models compounds are displayed in Fig. 3.1
while triad and tetrad profiles are depicted in Fig. 3.2, recorded in any case in dilute
solutions (c = 2 x 10 M) at room temperature (rt); relevant data are collected in Table
3.1 for all systems.

Spectral profiles of the ligands, recorded in CH,Cl, solutions, show a specific
absorption band in near-UV region (Amax = 346 nm, €may = 27400 M cm™ and 327 nm,
€max = 72300 M cm™ for 1 and 2, respectively), originating from 'm-7* triptycene core
transitions, more intense in 2 than in 1 for its larger conjugated framework.
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Absorption spectra of CH3CN solutions of the two Ir(Ill) complexes, 3 and 4, display
largely different features (Fig. 3.1, Table 3.1). At higher energy, in the range between
240 and 300 nm, the envelop of bands displayed originates from the spin-allowed 'm-m*
py-centred transition ('LC) and is more intense for 3 than for 4, due to the higher degree
of conjugation occurring along the 5-ring fused pyrazinic system (dbpz) than that of
phenylpyridine (ppy) (Amax = 251 nm and €max = 106400 M'cm " for 3, Amax = 247 nm,
Emax = 41600 M 'em ™' for 4). In details, in this range, the shorter wavelength region is
related to the absorption of the ppy ligands (ppy = 2-phenylpyridine) while the longer
wavelength region, to the bpy ligand (bpy = 2,2’-bipyridine).”

1x10° 1 1
— 2

- 3
A e 4
: 5x10°* >
i X -
s
Z
=
~—
o
; O I T 1
2
< 5
E 1x10™ H 6
= 7
= 8

5x10* 1

0 T T T T T 1
200 400 600 800
Wavelength (nm)

Figure 3.1. Absorption spectra of the triptycene ligands 1 and 2 in CH,Cl, and of the metal
complexes 3, 4 and 5 (top), and the dyads 6, 7 and 8 (bottom), in CH3CN solution at rt.

In the spectral range between 350 nm and 550 nm weaker bands arise from spin-
allowed transitions of mixed metal-to-ligand (‘"MLCT) and ligand-to-ligand (‘'LLCT)
charge transfer character.”® The low intensity tail appearing in the absorption profiles of
both complexes at A > 400 and 580 nm for 4 and 3, respectively, can be ascribed to
spin-forbidden *MLCT transitions. The presence of the heavy atom results in a strong
spin-orbit coupling (i = 3 909 cm ™ '),”" rendering partially allowed the direct absorption
from the singlet ground state to the triplet excited state.>

In the absorption profile of the Os(Il) complex 5, it is possible to recognize (i) at 291
nm the typical intense (emex = 77200 M 'cm') and narrow band of the 'n-n* bpy-
centred transition and (ii) at lower energy, the dos—mypy CT transition band, extended
from 400 to 550 nm (emax =~ 11000 M 'em ').”® The weak and broad band for 5,
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appearing just like a tail in the range between 600 and 700 nm (Figure 3.1, top; Table
3.1), is associated with a formally spin-forbidden *MLCT set of transitions, also in this
case, induced by the large spin-orbit coupling constant of the osmium metal ({os = 3381
cm )31

The absorption spectra of the second group of models, the dyads 6, 7, and 8 (Figure
3.1, bottom; Table 3.1), can be interpreted on the basis of the features displayed by the
units from which they originate (i.e., 3, 4, 5, 1, and 2). In fact, their profiles match
reasonably well the superposition of the spectra of their single components (Figure
3.2).

The principle distortion with respect to the spectral sum of the components is in the
region between 300 and 400 nm, where a new band ascribed to a 'LC triptycene
absorption transition appears. Such band, already reported in literature for a spiro-
bifluorene-based system,’® is attributable to the coordination by the metal centre of the
ethynylene-linked bpy site, unoccupied in the free ligands 1 and 2, arising from new
bpy-metal interactions.
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Figure 3.2. Comparison between the absorption spectra of dyads 6, 7 and 8 (full lines) and the
spectral sum of their components (dots).
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Figure 3.3. Absorption spectra of the triad 9 (blue line) and of the tetrad 10 (red line) in
CH;CN. The dots, Sum 1 and Sum 2, represent the spectral addition of the model components
6, 7 and 8 absorption corrected by the subtraction of the 1 and 2 triptycene ligands contribution,
for 9 and 10, respectively.

The absorption profiles of the multichromophoric triad and tetrad 9 and 10 show bands
quite well corresponding to the absorption of the single components (see Figure 3.3), as
revealed by the comparison with the curves obtained from the sum of models absorption
profiles. In particular, to build these curves, the second group of complexes (7, 6, and 8)
and the relevant bridging ligands (1 and 2) have been used as model compounds. In
both cases, the contributions of the ligands 1 and 2 are subtracted from the sum of the
dyads profiles, resulting in a good superimposition with the original spectra in both
architectures, that accounts for a weak ground-state electronic interaction between the
satellite metal chromophores and the triptycene scaffold.

For both systems, moving from higher to lower energy, it is possible to observe (i) the
band related to the 'n-n* py-centred transition of 4 and 3 subunits (Amayx ~ 250 nm), (ii)
the intense band typical of the 'n-m* bpy-centred transition (Amax = 300 nm), (iii) another
band originating from the 'LC triptycene absorption transition (Amex = 360 nm), (iv) a
'CT transition band of lower intensity, extended from 400 to 550 nm, and (v) the tail for
the 3MOSLCT transition, at A > 600 nm.

The highest energy band (Amax = 250 nm) is more intense for trinuclear 10 than for
dinuclear 9 system because of the presence of the more largely conjugated 5-fused ring
moiety of the 3 subunit in the former; the same behaviour is noticed for the second peak
(Amax = 300 nm) that, obviously, appears higher in the trinuclear complex than in the
dinuclear, because of the major amount of bpy groups.

Emission. Emission spectra of complexes and ligands were recorded at room
temperature in air-equilibrated and de-aerated solutions (CH,Cl, for ligands and CH3CN
for complexes) (see Figure 3.4 for luminescence profiles, rescaled according to the
corresponding photoluminescence quantum yields) and at low temperature in
CH,ClL,:CH30H (1:1) frozen mixtures (Figure 3.5). Relevant data are summarized in
Table 3.2.

As it can be inferred from Figure 3.4 and Table 3.2, both ligands 1 and 2 are highly
fluorescent in solution in the near-UV region with short lifetimes in the nanoseconds
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range (Amax = 380 nm and ¢ = 0.37 and 0.56 and © = 1.9 and 0.8 ns, respectively). They
display, as expected, only a slight blue shift on going from room temperature to 77 K
(Amax = 360 and 380 nm, respectively). Moreover, in glassy matrixes both ligands show
a well-structured and long-lived phosphorescence emission (t = 145 ms for 1 and t =
166 ms for 2) that allows the evaluation of the energy of the lowest triplet excited state
for both ligands (= 2.43 eV, as calculated from the highest energy phosphorescence
peak).

The emission of the Ir(Il) complex 4 with difluoro-ppy as cyclometallating ligand is
largely blue-shifted with respect to that of the dbpz derivative 3, both at room and low
temperature, and moreover of comparable quantum yield but shorter lifetime (Table
3.2). 3 is particularly interesting because it displays good ability as red emitter at room
temperature (Amax = 660 nm and ¢ = 0.23, Table 3.2).
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Figure 3.3. Room temperature corrected emission spectra in de-aerated CH3;CN solutions of the

model metal complexes, 3, 4 and 5 (top), and dyads 6, 7 and 8 (bottom). Spectral areas are
scaled proportional to the quantum yields.

For both 3 and 4, the values of luminescence quantum yield in de-aerated solution are
remarkably higher then those in air-equilibrated condition and the emission band moves
to higher energies going from room to low temperature.

The overall photophysical behaviour is ascribable to transitions of *CT nature, as further
confirmed by the calculated values of the radiative constants, displaying the same order
of magnitude with respect to similar Ir(III) complexes, k&, = 1.8 x 10’ and 2.9 x 10° s~
(k. = /1) for 3 and 4, respectively.” In particular, for both complexes, the observed
emission band can be assigned to the diy—mypy transition, originating from the orbitals
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mainly centred on metal and cyclometallating ligand and ending on bpy-centred orbitals
(MLppyCT).”

For 5, the registered luminescence can be safely ascribed to transition of *MLCT nature
as confirmed by its blue shift moving from solution to glassy matrix (as already
discussed in Chapter 2) and by the similar behaviour already reported for the parent
compound [Os(bpy);]*".>° The difference exhibited in the emission peak of 5 moved in
energy of = 930 cm ' towards the red region with respect to the latter can be explained
by the lower quantum yield and shorter lifetime observed for 5 (¢ = 1 x 107 and =

16.0 ns, Table 3.2), possibly based on energy gap law effects.”’
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Figure 3.4. Normalized corrected emission spectra at 77 K in CH;0H: CH,Cl, (1:1 v/v) glassy

solutions of the triptycene ligands 1 and 2 (fluorescence, full line, and phosphorescence, dotted
line) and of the model complexes 3, 4, 5, (top), and dyads 6, 7, 8 (bottom).

The introduction of the triptycene unit attached to the bpy ligand in the dyads 7, 6, and 8
induces some modifications on the photophysical behaviour of the complexes, with
major extent for 7. Complexes 6 and 8 maintain an emission behaviour similar to that of
the parent compounds 3 and 5. 6 displays an emission centred at 664 nm with an almost
identical quantum yield and lifetime with respect to 3 (Table 3.2), accounting for *CT
state responsible for the emission, centred on the Ir unit. 8 shows the typical features of
a "MLCT phosphorescence with slightly higher quantum yield and longer lifetime with
respect to its parent 5 (Table 3.2).

The case of 7 is very different and its photoluminescence quantum yield in solution is
enormously decreased with respect to the parent compound 4 (¢ = 0.073 and 0.25 for 7
and 4, respectively), unlike the lifetime is higher for the dyad (t = 4.35 and 0.86 ps for 7
and 4, respectively). Than, the emission shape appears structured at room temperature
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(Figure 3.4, bottom) and its maximum blue-shifted by only 410 cm™' on going from
fluid to rigid solution. All these features account for a more pronounced °LC character
for its emission, also confirmed by the low value of the radiative constant, k, = 1.7 x 10
s ' The longer lifetime observed for 7 with respect to 4 can be explained taking into
account the contribution to the transition of the triplet levels centred on the triptycene
ligand. Such evaluation is confirmed by the comparison between the triplet energy level
calculated from the emission maximum at 77 K for 7 (Er = 2.32 eV) and that of the
triptycene triplet, discussed above (Er = 2.43 eV), both resulting at very close values of

energy.

Transient Absorption. Given the differences in emission behaviour between the two Ir-
containing dyads 6 and 7, further investigation has been conducted to deeply ascertain
the nature of the excited states responsible for the emission. Laser flash photolysis
experiments have been performed to this aim for Ir-dyads and respective models 3, 4,
and 1 (see Figure 3.6).
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Figure 3.5. Transient absorption spectra of 1 in de-aerated CH,Cl, and of 3, 7, and 6 in de-
aerated CH;CN solutions at incremental delay times (0-15.0 ps for 1 and 7, 0-3.5 ps for 3 and
6). Aexc = 355 nm, Asss = 0.52, 3.1 ml/pulse. Time evolutions at selected wavelengths and
mono-exponential fitting of the decays are shown in the insets.

Ligand 2 has also been investigated for comparison purposes with respect to 1 (Figure
3.7). Figure 3.6 reports transient absorption spectra of ligand 1 in de-aerated CH,Cl,
and complexes 3, 7, and 6 in de-aerated CH3CN solutions, recorded upon excitation at
355 nm.

The different absorption spectrum for ligand 1 is composed of a broad and intense band,
peaking at 470 and 520 nm (Figure 3.6); bleaching features due to the ground-state

68



absorption appear below 370 nm. Single-exponential decays are registered at any
wavelength with a measured lifetime of 4.6 ps in de-aerated solvent. Ligand 2 shows
very similar absorption profile and longer lifetime of 7.4 ps (Figure 3.7). The
transitions responsible for the observed spectra involve the lowest-lying m-n* triplet
state of the triptycene ligands. Transient absorption spectra of iridium complexes 3 and
6 are characterized by ground-state bleaching features in the range between 350 and 500
nm, present together with the absorption bands. In 4 spectra instead, the ground-state
absorption appears just below 370 nm as for the ligands, thus it is possible to clearly
distinguish the presence of an intense transient absorption band with maxima at 400 nm
and a shoulder around 470 nm (Figure 3.7). In the region between 500 and 700 nm,
absorption profiles of 3, 4 and 6 display bleaching features ascribed to the
corresponding emissions (see Table 3.2) while above 750 nm, a weak absorption tail
emerges. For 3 and 4 the values of detected lifetimes (1.4 ps and 760 ns, respectively)
show good agreement with the luminescence lifetimes (Table 3.2) thus observed
spectra could be safely ascribed to the MLCT excited state.”®

The spectrum of the dyad 7 is markedly different from those of its model 4 and of the
other dyad 6 (Figure 3.6). In fact, while the latter shows the features of a "MLCT
absorption, the profile recorded for 7 has features evidently comparable to the one
observed for ligand 1, with a broad absorption profile peaking at 440 and 530 nm. All
these data validate the attribution of LC character made in emission analysis for the
lowest-lying triplet excited state of 7.
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Figure 3.6. Transient absorption spectra of 2 (left) in de-aerated CH,Cl, and of 4 in de-aerated

CH;CN solutions, at various delay times (0-30 ps). A= 355 nm, 4355 = 0.52, 3.1 mJ/pulse.
Time evolution for 2 at 530 nm and for 4 at 410 nm are shown in the insets.

Energy Transfer. As already discussed in the absorption section above (see Figure
3.2), the units that compose the arrays 9 and 10 display weak interactions in such
multichromophoric systems. Indeed, the spectral sums of the components profiles and
the detected spectra for the arrays are very similar, indicating no remarkable effects
coming from the combination of the component units in the supramolecules.

Taking into account such consideration, it is possible to draw the diagram of energy
levels for our systems by the estimation of the energies from the emission maxima
observed at 77 K for the 1/2 ligands, 4, 3, and 5 model complexes (Scheme 3.1). In
details, the triptycene ligand triplet level has been calculated from the maximum in the
phosphorescence spectrum of 1/2, while the metal-based singlet energy levels have been
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obtained from the onset of the lowest energy 'MLCT absorption band of model
compounds 3, 4, and 5. The obtained Scheme 3.1 explains that, since the singlet low
laying excited state for triptycene ligand is the level with the highest energy content
(3.42 eV), energy transfer process starts from this state towards the metal-based singlet
levels, through exoergonic processes by 0.34, 0.72, and 1.12 eV (from 1/2 to 4, 3, and 5,
respectively). As already discussed in emission section above, the ‘m-m* and
’LC/MLCT levels of triptycene and 4 are almost isoenergetic.
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L ('1/2) Ir '(4) Ir '(3) OsI(S)

Scheme 3.1. Energy level of the excited states with respect to the ground state.

Since the absorption spectra of the single components lay in common regions one to the
other, performing selective excitation of one single unit is not possible. The only
exception is represented by the Os-based unit that can be selectively excited through
irradiation of the "MLCT band, at A > 600 nm, and it is indeed used as reference.

To have information about the photoinduced energy transfer events occurring in the
multichromophoric arrays, multiexcitation emission maps have been registered, by
exciting the systems in the region of predominant triptycene absorption, between 240
and 330 nm, and recording the emission from 340 nm to 820 nm, in order to cover the
range of emission of all the involved species. The emission maps obtained in de-aerated
acetonitrile solutions for the triad and the tetrad are reported in Figure 3.8 while those
of the dyads 6, 7, and 8 are reported in Figure 3.9.
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Figure 3. 7. Maps of normalized 9 and 10 luminescence in CH;CN at room temperature.
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Figure 3.8. Normalized maps of 6, 7 and 8 luminescence in CH;CN at room temperature.

In any case no residual emission from the triptycene has been detected and also unit 4 is
almost completely quenched in triad and tetrad. The emission of the tetrad, upon
excitation between 240 and 270 nm, displays a clear contribution from the unit 3, just
comparable to the signal originating from Os moiety, thus strongly quenched if its high
photoluminescence quantum yield in the free form (as mononuclear complex 3) is
considered (higher for 3 than for 5). In both triad and tetrad, the emission profile is
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dominated by the signal above 750 nm, attributable to the Os-based excited state, either
directly excited or sensitized by energy transfer from the other units in the array.

Further and more quantitative information about the quenching processes occurring in
the arrays, depending on Os unit as unique final collector, has been gained by means of
time-resolved luminescence analysis, performed on 9 and 10.

Lifetime values of 5 and 18 ns for the residual emission of the 4 and 3 units, in 9 and 10
respectively, have been measured, accounting for highly efficient energy transfer
processes. The energy transfer rate constants are of 1.9 x 10% s~ and 5.2 x 107 s™" (kgar
= rq_l — 1 ') with efficiencies of 0.97 and 0.93 (Wear = 1- 14/7), for the Ir(4)—Os(5) and
Ir(3)—0s(5) processes, respectively (Table 3.3). The overlap integral Jr and the critical
radius Ry have been calculated by means of the available spectroscopic properties
through application of the Forster’s model, used for a through-space dipole-dipole
interaction energy transfer mechanism. The resulting values of Jg ~ 3.8 x 10 and 3.2
x 107" cm® M for 9 and 10, respectively, of Ry < 16 A and the energy transfer rate
constants lower by =1 order of magnitude with respect to the experimental values
(Table 3.4) have been obtained for a separation between donor and acceptor of d = 19
A, estimated from molecular modeling. The results obtained account for photoinduced
energy transfer processes mainly based on dipole-dipole interaction mechanism. The
calculation of overlap integrals have been conducted according to the bridge-mediated
double-electron-exchange model, resulting in Jp ~ 5 x 10~ and 2.5 x 107> cm for the
Ir(4)—0s(5) and Ir(3)—O0s(5) processes, respectively. In this case, to explain the
experimental energy transfer rate constants, a small electronic-coupling term H ~ 1.8
and 1.3 cm™' (Table 3.5) for 9 and 10, respectively, is necessary, similarly to what
observed in systems connected with aromatic bridges, displaying through-bond
interaction.

Since the triplet emission from both iridium donors largely overlaps with the direct
*MLCT absorption band of the osmium unit, the process can be considered mainly as a
triplet-to-triplet energy transfer. In this case, the Dexter-type mechanism is prevailing
over the dipole-dipole interaction mechanism on the basis of the selection rules, as also
confirmed by the reported calculations.
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Table 3.1. Absorption properties of ligands and complexes 1-10.

-1 BINT
)\‘max’ nm (amax’ M cm )[d]

9
10

335 sh (25200), 346 (27400), 370 sh (20700)
327 (72300), 345 (63800)
251 (106400), 400 (20900), 519 (5600)
247 (41600), 312 (25600)

291 (77200), 449 (11900), 482 (11000), 580 (3900)
249 (113500), 286 sh (73500), 354 (34500), 520 (5400)
234 (74800), 287 sh (41500), 355 (34200)

291 (98100), 324 (74000), 455 (11700), 635 (3000)
242 (89600), 289 (117000), 358 (75500), 452 (12300)
249 (170600), 291 (153000), 363 (76500), 491sh (13800)

* In CH,CI, for ligands and CH,CN for complexes, at room temperature. * From

Ref. 12d.

Table 3.2. Luminescence properties of ligands and complexes 1-10.

rt 77K
Ay, M P T, ns™ Anax> NM T, us'

1 383,455 0.37 1.9 362,380

509, 5454 145%10°
2 380 0.56 0.8 363,379

512,550 166x10°
3 660 0.23 (0.032) 1300 (254) 626 20.2
4 564 0.25(0.045) 860 (173) 491, 530,573 52
5t 798 0.001 16 736 23
6 664 0.177 (0.023) 2020 (258) 627 19.2
7 547 0.073 (0.007) 4350 (373) 535,580, 620 5.8
8 804 0.001 (0.001) 39 732 09
9 804 0.001 (0.001) 30 736 n.d.
10 770 0.001 (0.001) 30 (30) 758 n.d.

* In de-aerated (air-equilibrated) CH,Cl, and CH;CN solutions for ligands and
complexes, respectively. Aexe = 340 nm for ligands, 355 nm for 3, 4 and 5, 470 nm
for 6, 450 nm for 7, 600 nm for 5 and 8. ® Aexe = 331 nm for ligands, 373 nm for 3
and 4, 465 nm for 6, 7, 5 and 8. © Aexc = 370 nm for 3 and 4, 465 nm for 6 and 7,
465 nm for 8. ¢ Phosphorescence data for ligands are obtained with pulsed lamp;
Aexc = 340 nm. © From ref. 12d. n.d. is not detected or weak signal.
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Table 3.3. Experimental parameters used to evaluate the energy transfer features.

O T (ns) T, (nS) ki, (s7) Keor (57) NEat
45 0.045 173 5 5.78x10°  1.94x10°  0.971
35 0.032 254 18 3.94x10°  0.52x10°  0.929
78 0.007 373 5 2.68x10°  1.97x10°  0.987
6—8 0.023 258 18 3.88x10°  0.52x10°  0.930

Table 3.4. Energy transfer rate parameters calculated according to the Forster model.

M) RyA) r@AY dA®  keHY w,

45 3.85x10™" 26.0 14.5 19 3.82x10"  0.869
3—-5  3.20x10™ 23.8 15.5 19 1.54x107  0.796
7—-8  3.90x10™ 19.1 9.3 19 0.28x10"  0.510
6—8  3.41x10™ 22.8 14.8 19 1.16x10"  0.749

Inter-chromophoric distance calculated for kg = kg, - ® Mean inter-
chromophoric distance calculated from molecular modelling. © Energy transfer

rate constant calculated from the Forster model at the inter-chromophoric distance
d.

Table 3.5. Energy transfer rate parameters calculated according to the Dexter model.

Ip(em)  Hy(emH™ HemH™ o, mm) kyH  n,

4—-5  519x107 1.59 1.78 410 1.56x10°  0.964
35  2.56x107 1.09 1.30 410 0.36x10°  0.902
78  4.50x107 1.91 1.92 410 1.95x10°  0.986
6—>8  2.54x107 1.15 1.31 410 0.40x10°  0.912

* Electronic interaction factor calculated at the inter-chromophoric distance d. b
Electronic interaction factor calculated for kg = Kg,p. © Energy transfer rate
constant calculated at the inter-chromophoric distance d from kp = kg, — Kg.

74



3.2.1.2. Spiro-bifluorene series

The second series of arrays under investigation is the spiro-bifluorene-based one,
comprising ligand and complexes whose schematic structures are reported in Chart 3.2.
Analyzed series comprises 11, a spiro-bifluorene ligand, with a bpy group linked to the
core through a rigid ethynylene spacer, 12, 13 and 14, monometallic complexes with a
spiro-bifluorene unit, linked through a bpy ligand to the metal centre, Pt(II), Os(Il) and
Ir(IT), respectively, 15, 16 and 17, defined tetrad, because composed of four
photoactive subunits (three metal complexes and the spiro-bifluorene bridging ligand,
linked through acetylide spacers). The bridging ligand, 11, and the monometallic
complexes, 12, 14 and 13, were used as model compounds for the study of the
photophysical features, displayed by the three multichromophoric systems, 15, 16 and
17 The synthetic procedures for all the compounds herein presented are reported in
reference.’

15 16 17

Chart 3.2. Schematic representation of Ir(Ill) and Os(II) chromophoric units (12, 13 and 14), of
the spiro-bifluorene scaffold (11) and of the multinuclear arrays (15, 16 and 17). The charges 1+
for a single Ir and 2+ for Os have been omitted for the sake of clarity.

Absorption. Absorption details of the spiro-based ligand 11 and of the Pt(II), Ir(IIT) and
Os(II) complexes, 12 14 and 13, are reported in Table 3.6 and related absorption
spectra, recorded in dilute CH3CN solutions (¢ = 2 x 10™ M) at room temperature are
collected in Figure 3.10.

Absorption profile for the ligand 11 displays an intense band in the near-UV region,
peaking at 325 nm and extending up to 390 nm (emax = 109400 M'ecm™). It originates
from 'm-m* spiro-bifluorene core transition (Table 3.6) and, due to the higher
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conjugation introduced by the ethynyl-bipyridine group, it is bathochromically shifted
with respect to the one observed for the simple spiro-bifluorene (without substituents).”
Absorption profile of Pt(Il) complex 12 results very similar to that of 11 and indeed it
comprises an envelop of bands, extending up to 370 nm (Amax = 335 nm, €max = 99300
M'em™), originating from spin-allowed 'm-n* transitions, centred on the ligands. The
major contribution of the metallic moiety is displayed in the lowest energy band,
appearing as a tail between 380 and 480 nm, attributable just to 'MLCT transition, from
the Pt(II) metal unit to the bipyridyl ligand (Pt—dbbpy).”

The spectrum of 13 is dominated by the characteristic features of the composite ligand,
such as the intense and sharp band, peaking around 290 nm (gnax = 104200 M cm'l),
originating from singlet spin allowed ligand centred ('LC) transition, on the bipyridine
group, and another signal around 371 nm (gmex = 40500 M™'cm’™), attributable to the
composite ligand ('LC spiro-bifluorene centred transition). This band appears as
consequence of the coordination of metal centre by bpy group, bond responsible for the
occupation of the ethynylene moiety, otherwise unoccupied in the free ligand 11, in
agreement with what reported for similar spiro-bifluorene based system.”
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Figure 3.9. Absorption spectra at rt (top) of ligand 11 (black) in CH,Cl,, solution and of model
complexes 12 (blue), 13 (red) and 14 (green), in CH;CN solutions (top), of triads, 15 (green), 16
(red) and tetrad 17 (black) in CH3CN solutions (bottom).

The metal unit gives rise to an additional band, appearing in the spectral region between
430 and 550 nm and, originating from transitions of spin-allowed mixed metal-to-ligand
(lMpryCT) charge transfer character. The lowest energy portion of the spectral range
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displays the weakest and broadest band of the absorption profile, appearing just like a
tail in the region between 550 nm and 730 nm. It is associated to a formally spin-
forbidden *MLCT set of transitions, enabled by the heavy atom effect. Due to the high
value of spin-orbit coupling constant ({os = 3381 cm™),”' the direct absorption from
singlet ground state to triplet excited state becomes partially allowed, through induction
of states mixing.

The Ir(IlT) complex 14 displays an absorption profile very different with respect to the
one of 13, particularly in the UV-region between 240 and 330 nm. Here, due to the
absorption of bpy and spiro-bifluorene units, a broad and not structured band, with
peculiar shoulders, dominates the absorption.”® Moving at lower energy, around 370
nm, the band originating from the coordination of the highly conjugated ligand by the
metal centre appears, similarly to 13 model.

The description of absorption profiles for the trinuclear arrays, 15, 16 and 17, can be
summarized taking into account the main features of the respective component subunits
absorption (Figure 3.10, bottom). 15 displays absorption profile very similar to the one
of the parent 14, with the exception of the peaks intensity, as expected higher for the
trinuclear than for the mononuclear system. Its absorption spectrum is quite well
superimposable with the sum of the profiles of parent compounds 14 and Pt-bpy; (a
model compound for the Pt unit without the spiro-bifluorene unit).*

16 and 17 display extremely similar absorption profiles with, as main difference, the
ratio between the intensities of the two peaks around 290 and 370 nm, resulting higher
in 16. Going from higher to lower energys, it is possible to observe for both the arrays, in
agreement with the model 13, the following features: (i) the intense band typical of 'n-
m* bpy-centred transition (Amax ~ 290 nm), (ii) another band originating from the 'LC
spiro-bifluorene transition (Amax = 370 nm), (iil) a 'CT transitions band of lower
intensity, extended from 440 to 540 nm, and (iv) a tail for the *Mo,LCT transitions, up
to 750 nm.

Emission. The luminescence features of examined complexes and ligand, as result of
room (in air-equilibrated and de-aerated solutions) and low temperature investigations,
are collected in Table 3.7. Emission profiles, recordered at room temperature in de-
aerated CH,Cl, for ligand 11 and CH3CN solution for the monometallic complexes, 12,
13 and 14, are shown in Figure 3.11 (top), rescaled according to the corresponding
photoluminescence quantum yields. Luminescence spectra recorded at 77 K in
CH,CIL,:CH30H (1:1) glassy matrixes for the complexes and CH;O0H:C,HsOH (1:4)
frozen mixture for the ligand are also collected in Figure 3.11 (bottom).

The ligand 11 shows an intense short-lived emission in solution at room temperature (¢
= (.75 and T = 1.16 ns), peaking at 404 nm, blue-shifted at low temperature, in glassy
matrix (Amax = 371, 393 nm, Table 3.7). Moreover, at 77 K 11 also exhibits
phosphorescence emission (Amax = 526 nm, T = 243 ms), originating from the lowest-
laying triplet excited state (highest energy peak at ca. 2.36 eV).

To better understand the real effects induced by the introduction of the spiro-bifluorene
unit on the photophysical behavior of the complexes, a comparative discussion can be
conducted for 12 with respect to its parent Pt-bpy, without the attached spiro-bifluorene
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moiety. In particular, for 12 the photoluminescence quantum yield in de-aerated
solution is decreased by more than 10 times with respect to Pt-bpy,, and a strong
decrease of the excited state lifetime is observed, too (t = 0.49 and 4.7 us, respectively).
For these two complexes, the radiative constant (k; = ¢/t) displays almost the same
value (ca. 3 x 10* s™") thus the observed decrease in the luminescence quantum yield for
12 with respect to Pt-bpy; has to be ascribed to an increase in the rate of non-radiative
processes. This phenomenon is due to additional vibrational modes, introduced by the
presence of the spiro-bifluorene unit and responsible for the coupling of excited state
with the ground state. At 77K, 12 displays a structured emission band as effect of a well
defined vibronic progression (Figure 3.11), not accounting for a neat *MLCT nature of
the emission, as also revealed by the millisecond range value of the registered lifetime
(t=188 ms), but for a predominant ligand contribution.®’ Such evaluation is also
confirmed by the fact that the triplet level (Er = 2.33 eV, value calculated from the
maximum of emission) is very close in energy to that of the spiro-bifluorene (Er = 2.36
eV), suggesting that *m-n* transition centred on bpy-spiro composite ligand contributes
to the description of the excited-state responsible for the emission.”' The *LC nature of
the emissive excited-state is also confirmed by the value of the radiative rate constant,
calculated at rt (k; = 2.5 x 10* s7"), that is lower by one order of magnitude than that
typical of *MpLCT emissions.
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Figure 3.10. Normalized emission spectra at rt in de-aerated solution (top) and at 77 K in glassy
mixtures (bottom) of ligand 11 fluorescence (black, full) and phosphorescence (black, dotted),
and of model complexes, 12 (blue), 13 (red) and 14 (green).
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The mononuclear complex 13 displays a broad and structureless phosphorescence band
with the expected blue shift on going from solution to glassy matrix at 77 K, that might
be explained by the rigidochromic effect, typically observed for luminescence of MLCT
nature, as already discussed in Chapter 2. Taking into account this behavior together
with literature data, the emission can be safely ascribed to *"MLCT transition.”

For iridium complex 14, the photophysical behaviour is also consistent with a *CT
character of the emission, as suggested by the blue-shifted maximum peak at 77 K and
by the calculated value of the radiative constant (k. = 1.1 x 10°). Further confirmation is
given by the similarities observed with the parent compound [Ir(C*N)(bpy)]", whose
emissive excited state is already reported to be of mixed "MLCT/’LLCT character.”’
Albeit the large energy difference between their maxima of emission (Amax = 644 and
590 nm, for 14 and [Ir(C"N)y(bpy)]’, respectively), in O,-free environment both
luminescence quantum yields and lifetimes values appear very similar
(¢ =0.02 and 0.018, T = 179 and 180 ns, for 14 and [Ir(C"N)(bpy)]’, respectively).”
Figure 3.12 shows room temperature luminescence profiles for air-equilibrated CH3;CN
solutions of the metal complexes 12, 14 and 13 and of the tetrads 15, 16 and 17,
isoabsorbing at the excitation wavelength (407 nm). The compounds, in this case, have
been analyzed upon excitation at the same wavelength because it is not possible to
select and excite absorption bands perfectly localized at the different Pt(II), Ir(III) and
Os(II) centres.

Energy transfer. The room temperature luminescence profiles of air-equilibrated
CH;CN solutions of mononuclear complexes 12, 13 and 14 and of the trinuclear 15, 16
and 17 are compared in Figure 3.12, upon excitation at 407.

In 15 and 16 the efficiencies of both Pt—Ir and Pt—Os energy transfer processes result
higher than 99% with rate constants kg,r > 2 x 10° s ', as revealed by such
investigation. In fact, Pt-based emission appears completely quenched, while the Ir- and
Os-based ones, for 15 and 16 respectively, are efficiently recovered, accounting for the
energy transfer of overall absorbed photons into the Ir and Os subunits, respectively. It
is important to notice that in both 15 and 16, the Ir- and Os-based luminescences are
longer-lived than in their corresponding models, 14 and 13, particularly for 15. Its value
of lifetime, in de-aerated solutions, of 265 ns, against that of 14 of 179 ns, can be
explained in the following way: the highest energy states *MpLCT and *LC undergo
fast energy transfer into "My LCT and *MoLCT excited states, that deactivate through
radiative process. As it can be observed in the energy level diagram (Scheme 3.2), the
’LC excited state centred on the spiro-bifluorene unit has an intermediate energy with
respect to the *MLCT and *MpLCT excited states, differing from them for just ca.
1000 cm™' below and above, respectively (Table 3.7). Such energy levels distribution
allows a prolongation of the lifetime observed in particular for the 15 array with respect
to that of 14, with the spiro-bifluorene centred *LC excited state acting as energy
reservoir for the two excited states close in energy and thus further repopulating the
emissive Ir-centred state from the other triplet states.’* In 16, this trend is less evident
because of the higher difference in energy between the lowest lying excited states of Pt
and Os units (AE ca. 6400 cm ™). In this case the reservoir effect by the *LC state is not
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effective and only the emission from the *MosLCT excited state is observed, with a
comparable (within experimental uncertainties) lifetime with respect to the
corresponding reference model 13 (t = 31 and 47 ns in de-aerated solution, Table 3.7,
for 13 and 16, respectively). At 77 K, the arrays 15 and 16 display features ascribable to
emission from *MLCT and *Mo,LCT states, respectively (Fig. 3.12).
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Figure 3.11. (Top) Corrected emission spectra at rt of isoabsorbing CH;CN solution (A,,. = 407
nm) of 12 (blue, dashed), 13 (red, dashed), 14 (green, dashed), 15 (green), 16 (red) and 17
(black). (Bottom) Normalized corrected emission spectra at 77 K in CH;OH: CH,Cl, (1:1)
glassy solutions (A.,. = 407 nm) of 15 (green), 16 (red), and 17 (black).
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Scheme 3.2. Energy level diagram of the ligand- and metal-based triplet excited states estimated
from emission maxima at 77 K and pathways for the photoinduced energy transfer processes.
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From Figure 3.12, emission registered for 17 displays complete quenching at the region
of the Pt-based emission and only less than 1% of residual emission from Ir unit
appears, whereas the Os-based emission is almost completely recovered. From the
quenched lifetime of the Ir-based emission (Table 3.7) an energy transfer rate constant
kear = 3.3 x 10° s and an efficiency 1 = 98.9% can be estimated for the Ir—Os energy
transfer process. Thus, the Os moiety works as the final energy collector and the array
17 displays Os-based emission maxima and lifetimes, both at 298 and 77 K, completely
corresponding to its parent compound, 13. At 77 K, a residual Ir-based luminescence is
clearly detected (Fig. 3.12), even if strongly quenched, as the relevant decrease in
lifetime detected at 640 nm reveals, with respect to the model compound, 14 (Table
3.7). The energy transfer rate constant derived from these data is similar to that
observed at rt, indicating a substantial independence of the process from temperature.
Overall it can be deduced that in the tetrad 17 the energy absorbed by the ligand and by
the Pt and Ir centres is quantitatively conveyed to the Os final collector both at rt and at
77.

Table 3.6. Absorption properties of ligand and complexes 11-17.

Amax, MM (€max x 107, M-cm™) 12

11 300 (88.9), 315 (88.1), 325 (109.4), 340 (99.9), 361 (74.3)

12 320 (89.2), 335 (99.3), 358 (61.2), 397 (9.1)

13 245 (53.4), 290 (104.2), 323 (46.2), 371 (40.5), 453 (12.5), 600 (3.3)
14 268 (67.5), 292 (66.8), 319 (47.6), 366 (39.5)

15 246 (99.4), 297 (102.2), 335 (82.6), 372 (61.5)

16 244 (120.9), 291 (203.9), 370 (79.0), 453 (26.9), 600 (8.3)

17 244 (85.7), 291 (176.1), 371 (85.0), 451 (20.6), 600 (5.7)

*In CH,Cl; for ligand and CH3CN for complexes.
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Table 3.7 Luminescence properties of ligand and complexes 11-17.

rt[a] 77 K[b]
Amax, NM ¢ T, NS Amax, NM T, US
11 404 0.75 1.16 371, 393 0.9x107
(0.82)  (1.23)
phos'® 526, 558sh 243%x10°3
12 596 0.6x102 137 500, 532, 568sh 188x10°
(1.3x107%) (493)
13 802 1.4x107° 26 738 0.9
(1.8x107) (31)
14 644 0.9x1072 88 554, 604, 650 6.0, 13.3
(2.0x107%) (179)
15 646 - 108 556, 604, 650 1.8, 10.7%
(265)
16 788 - - 732 0.8
(47)
17 640 - - 556,602,650  2.4x107, 68.7x10>1
(3)
804 - - 742 0.7
(28)

* In air-equilibrated (de-aerated) CH;CN solution. For quantum yield determination: Aeyc
= 320 nm for 11, 425 nm for 12 and 14 and 600 nm for 13. For lifetime measurements,
Aexc = 331 nm for 11, 373 nm for 12 and 14, 465 nm for 13, 407 nm for 15, 16 and 17. b
In glassy solutions of CH,Cl,: CH;0H (1:1) for the complexes 12, 13 and 14 and of
CH;0H: C,HsOH (1:4) for the other complexes and for the ligand. For lifetime
measurements Aexc = 331 nm for 11, 373 nm for 14, 370 nm for 12 465 nm for 15 and
13, 407 nm for 16 and 17. ¢ Phosphorescence in CH,Cl,: CH30H (1:1) glassy solution,
Aexe = 338 nm. For lifetime measurement, Aexe = 370 nm. ¢ ratio 40:60. © ratio 30:70.
ratio 30:70.

3.2.2. Systems for lighting

3.2.2.1. Julolydine series

Julolidine-based ligands and complexes, whose schematic structures are reported in
Chart 3.3, represent another topic of the current chapter. In particular, 18 and 18’ are
julolidine  (2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizine)  derivatives, with N-
methylene-aniline and hydroxyl group ortho-disubstituted aromatic ring (N*O). 19 and
19’ are the corresponding boranil compounds, whose six-member ring is formed by the
N”O system that chelates the boron atom of a boron difluoride group (BF,) (they have
been prepared as suitable reference dyes in which ESIPT is blocked through the
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boranylation). 20 and 20’ are the monometallic phenylpyiridine Ir(III) complexes with
the N*O chelating ligand occupying two sites of the metal coordination sphere.

The difference between 18, 19, 20 with respect to 18°, 19°, 20°, respectively, is just the
presence of a triple bond instead of an iodine atom, on the N-methylene-aniline.

21 and 21’ are square planar terpyridyl (terpy) Pt(II) complexes linked through a
phenyl-acetylide spacer to the julolidine subunit (in the former, it is in the open-chain
form while in the latter, it is the boranil derivative). Pt, '** ® already reported, is used as
model for the Pt(II) compounds 21 and 21°. In the end, 22, denoted as triad because it
contains three photoactive subunits, is composed of Pt(II) and Ir(IIl) units, linked
together by the julolidine ligand, acting as bridge. Some indications about the synthetic

strategies for ligands are reported in reference.'’
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Chart 3.3. Schematic structures of julolidine-based ligands (18, 18°, 19 and 19°), Ir(III) (20 and
21°) and Pt(II) (21 and 21°) complexes and dinuclear array 22. The charges 1+ for 21, 21’ and
22 have been omitted for the sake of clarity.

Absorption. Absorption spectra of ligands and complexes, recorded in dilute CH;CN
solutions (¢ = 10 M) at room temperature, are displayed in Figure 3.13 and 3.14 and
corresponding details are gathered in Table 3.8 together with data collected in CH;0H
solutions for the ligands.

All ligands 18, 18°, 19 and 19’ absorb up to 450 nm with relatively high values of
extinction coefficient. Their highest absorption band, peaking at about 400 nm and of
broad shape, is assigned to 'm-m* transitions,’® not influenced by solvent polarity. On
going from open-chain to boranil derivatives, this band is red-shifted by approximately
20 nm and increases its intensity (gmax = 40300, 49000, 64500 and 64000 M'cm™, for
18, 18, 19 and 19’, respectively).

The spectra of 20 and 20’ display two characteristic bands, as reported for the
corresponding model [Ir(ppy)s].*” The most intense and sharp band, peaking around 260
nMm (Emax = 58800 and 55300 M™'em™', for 20 and 20° respectively), is assigned to singlet
spin allowed 'LC transition, centred on the phenyl-pyridine groups. Actually, its
spectral position corresponds approximately to the ones of the free protonated ligand.67b
The second band appears at about 370 nm (gmax = 23600 and 23500 M'em™’, for 20 and
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20’ respectively) and is related to 'CT transition. The long-wavelength absorption tail is
ascribed to formally forbidden *MLCT transitions, here allowed by the heavy metal
effect, enlarging the spin-orbit coupling.

Absorption profiles of 21 and 21’ can be described according to the features of the
model compound Pt (see Chart 3.3). Going from higher to lower energy, the envelop
of bands below 350 nm can be ascribed to intra-ligand (IL) 'n-n* transitions of the
alkynyl bridge and of the substituted terpyridine ligand. In the visible region, the
expected mixed Pt—terpy 'MLCT/n(C=C)—n*(terpy)LLCT transitions are not
observed, because they are obscured by the ligand centred (LC) transitions of the
julolidine moiety. The nature of this band is confirmed by the spectral position, the
same of the free ligand, not affected by the presence of the metal.®>*®

The absorption spectra of these compounds match reasonably well the sum of the
spectra of their single components (see Fig. 3.14). The only exception is in the presence
of a shoulder in the low energy side of the lowest energy absorption band of the original
spectra. This discrepancy can be explained as effect of the distortions introduced in the
electronic cloud by the metal-ligand interaction. Probably both Pt—terpy and
Pt—julolidine transitions are involved and the presence of (C=C)—(julolidine) ILCT
transitions cannot be excluded.

The absorption profile of the triad 22 is consistent with the sum of its components,
pointing out the presence of a weak electronic coupling between them. Moving from
higher to lower energy, it is possible to observe two sets of bands, as in the Ir(IIl)
models, and to recognize the distinct contributions of all components. The specific
features are listed below: (i) the most intense band, up to 350 nm, typical of 'm-m*
terpy/ppy centred transitions (Amax = 258 nm), (ii) the broad Ir(Ill) and Pt(Il)
'MLCT/'LLCT mixed transitions band, extended from 350 to 500 nm; (iii) the *"MLCT
transition band, appearing as a tail with low intensity, up to 600 nm.

Emission. All ligands 18, 18°, 19 and 19’ and Ir(IIl) complexes 20 and 20’ are
luminescent in liquid and frozen solutions, while the two Pt(I) compounds 21 and 21°
and the triad 22 display emission only at 77 K in glassy matrix. The luminescence
features of examined ligands and complexes, obtained by analysis at room (in air-
equilibrated and de-aerated CH3;CN solutions) and at low temperature (in
CH,CL,:CH30H 1:1 glassy matrix), are collected in Table 3.9 (ligands) and 3.10
(complexes) and shown in Figure 3.15, 3.16 (ligands at rt and 77 K, respectively) and
3.20 (complexes at rt and 77 K).
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Figure 3.12. Absorption spectra of julolidine-based ligands (top) and complexes (bottom) at rt
in CH3CN solutions.

Ligands. The ligands under investigation display a very manifold behaviour: the open-
chain systems, 18 and 18°, have completely different luminescence with respect to the
boranils, 19 and 19°.

The highest values for photoluminescence quantum yields have been found for the
close-chain 19 and 19°, as expected for the presence of the boron chelation.®*® In fact,
as recently reported in literature, tetrahedral boron-complexes, incorporating NN or
N”O chelation, produce successful results in luminescence.®®

Their short-lived emission in solution at rt, peaking at about 480 nm, do not display
large shift or shape modification moving from one solvent to another (Figure 3.15),
while lifetimes and photoluminescence quantum yields are sensitive to the change of the
medium (Table 3.11). Indeed, it has been found that increasing solvent polarity
produces enhancement in the PLQY's (from 0.48 in toluene to 0.75 in acetonitrile for 19,
in air-equilibrated solution), as already reported for similar systems.””’" This behaviour
can be explained with an increase in k,r on going from polar to nonpolar solvent, since
k. is usually not very affected by solvent polarity.”!
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Figure 3.13. Absorption spectra of the Pt(II) complexes 21° (top) and 21 (middle) and of the
triad 22 (bottom) at rt in CH3CN solutions. The dots represent the spectral addition of the
absorption for the relative model components.

At low temperature in frozen solution, the boranil derivatives 19 and 19’ show blue-
shifted fluorescence with respect to rt (picking at about 460 nm) and weak
phosphorescence emissions (Amax = 572 and 584 nm, T = 38.1 and 17.1 ms for 19 and
19°, respectively), evaluable for the lowest triplet excited state and clearly detected
thanks to the use of methylene iodide. Large halogens such as bromide and iodide are
able to quench fluorescence and to enhance phosphorescence emissions, promoting
intersystem crossing to an excited triplet state, by spin-orbit coupling of the excited
(singlet) fluorophore and the halogen.”! The phosphorescence of 19’ is shorter-lived
than that of 19, due to the heavy atom effect of the iodine substituent (& = 5069 cm™),”!
that promotes the T—S, spin forbidden deactivation.

On the contrary, the open-chain julolidine derivatives 18 and 18’ show more
complicated emission behaviour, both displaying a panchromatic luminescence from a
variety of excited states. Such difference can be explained taking into account the
ESIPT process,"* that takes place in both 18 and 18,
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Figure 3.14. Emission spectra in different solvents at rt of 19 and 19’ (full line) and 18 and
18’ (dotted line). Spectra are scaled proportional to the quantum yields.

ESIPT. The open-chain ligands 18 and 18’ display dual and weak luminescence, due to
the occurrence of the ESIPT process. In general, this phenomenon occurs upon

photoexcitation in systems containing a proton donor and a proton acceptor groups in
close position. The irradiation, causing the redistribution of the electronic charges,
induces a fast proton transfer reaction from the proton donor to the proton acceptor
group, mediated by the intramolecular H-bond. This migration is the basis of the keto-

enol tautomerization, with transformation of the excited enol form (E#) in the excited

keto form (Kx). After the radiative deactivation of the second, the system comes back to
the initial E form, trough reverse proton transfer.’”

E*

Enol absorption

Enol form (E)
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m
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Scheme 3.3. Schematic representation of ESIPT photocycle. (From Ref. 72)

ESIPT process generally induces lowering of luminescence quantum yields with respect

to non-ESIPT analogues, because it renders non-radiative deactivation pathway more

competitive, favouring the

87

internal conversion and the following vibrational



relaxation.””” The efficiency of the ESIPT process is affected by the polarity of the

solvent: protic and polar solvent (as MeOH) prevents the process, hindering the proton
transfer reactions, through intermolecular H-bond.”

Figure 3.15 compares the rt luminescence spectra of ESIPT ligands with their non-
ESIPT analogues in two solvents of different polarities. In emission profiles of the
formers, both the tautomers can be observed but in different proportions: the residual
luminescence from the E form appears at about 470 nm while the emission due to the K
form is strongly red-shifted at 600 nm.

The global luminescence quantum yields for 18 and 18’ are very low: close to 107 in
less polar and aprotic solvents and around 10 in methanol because of the decrease of
the more emitting K form (Table 3.11). A consistent trend is revealed by the lifetime
measurements: the K form is longer-lived in toluene (TOL) then in methanol and
displays a mono-exponential decay. Its formation (rise) is not discernible because the
ESIPT process takes place at an ultrafast rate. The lifetime of the E tautomer is too short
and under the limits of detection of the employed apparatus (< 20 ps).

Such behaviour could be expected for systems with the active moiety inserted into a six-
member ring. Actually, according to the literature, the efficiency of emission of K
tautomer in non-polar solvents could be high in 5-member ring systems but not in 6-
member ones for the more pronounced TICT (twisted intramolecular charge transfer)
deactivation.”

In condensed medium, by comparison with the emission behaviour of the boranil
derivatives, the emission from singlet and triplet states of the E form can be identified
with the bands peaking around 465 and 590 nm, respectively (Figure 3.16).”*” The
contribution of the intermediate band, peaking around 530 nm, can be attributed to the
fluorescence of the K form. This assignment is also confirmed by the luminescence
decay analysis at different emission wavelengths. At A > 600 nm the decay is mono-
exponential with lifetime in the order of ms (t = 11.6 and 54.6 ms for 18’ and 18,
respectively, Table 3.9), which are typical for the phosphorescence of organic
compounds and comparable to those observed for the related boranil derivatives. At
shorter wavelengths (450 < A < 550 nm) double exponential decays are observed both
for 18 and 18, with lifetimes in the ns region (Table 3.9). It should be noted that the
presence of the iodine atom in 18’ promotes the intersystem crossing, altering the ratio
between the singlet and triplet emission bands and thus the colour of the emitted light.
For this reason, the colour coordinates of such ligands in the CIE 1931 colour space
have been calculated by means of the irradiance spectra obtained at 77 K and in
powdered samples (Figure 17). The results are reported in Figure 17 (bottom), together
with the coordinates of the standard illuminants A (tungsten lamp) and D65 (noon
daylight) for comparison. There is a clear difference between the yellowish-orange
emission of 18’ (close to that of the standard illuminant A) and the yellowish-green
emission of 18, shifted towards the centre of the diagram. The emission output of 18
cannot be considered white but panchromatic, as all the colour components of the
visible spectrum are present, but their balance is not optimized to generate white
emission.
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Figure 3.15. Normalized fluorescence (full line) and phosphorescence (dotted line) spectra of
18’ and 19’ (top) and 18 and 19 (bottom) derivatives in CH;0H: CH,Cl, (1:1) glass at 77 K.

Further investigation has been conducted on powdered samples at rt, also displaying
panchromatic emission (Figure 17). In this case, 18 show colour coordinates similar to
those already observed in glassy solution at 77 K. The situation is different for 18’: here
the emission is mainly from the singlet state, while the red phosphorescence is
depressed. This leads to a more balanced white light emission having colour coordinates
0.341, 0.386 (hollow symbols in Figure 17, bottom). This behaviour can be explained
taking into account the phosphorescence quenching by the atmospheric oxygen, to
which the powder samples are exposed during the measure. Unfortunately, it was not
possible to determine the absolute photoluminescence quantum yield of the powder
samples because it was below the detection limit of our apparatus (< 2%).

It is important to underline that the present case is different from that of Park and
coworkers, in which ESIPT was used to prevent the energy transfer between two
chromophores.”® And moreover, the ligands here presented have the advantage to be
open to simple modulation of their emission color through simple substitutions in the
para position of the phenyl ring.

Prototropic equilibrium in acid media. The open-chain ligands 18 and 18’ have been
studied in CH3CN solution upon acidification, in order to investigate prototropic
equilibrium and photophysical properties of the occurring protonated protomers. Indeed,
ESIPT molecules contain both proton donor and acceptor groups and they can be
protonated or deprotonated depending on the pH of the solution.
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Figure 3.16. Normalized irradiance spectra of 18 and 18 as pure powder film at rt (top). CIE
1931 spectral chromaticity coordinates of 18 (squares) and 18 (triangles) in CH;0H: CH,Cl,
(1:1) glass at 77 K (full symbols) and as powder neat film at rt (hollow symbols) and of the
standard illuminants A (tungsten lamp) and D65 (noon daylight) (bottom).

The current analysis has been conducted on ~ 6 uM solutions of the ligands 18 and 18’
(also on the boranils 19 and 19°, for comparison purpose) upon addition of increasing
amount of trifluoroacetic acid (up to 1000 equivalents).

While absorption and emission profiles of 19 and 19’ are not affected by the acid
addition, for 18 and 18’ absorption spectra are red-shifted compared to those registered
in pure acetonitrile solution (Figure 3.18).

The emission reveals the clear disappearance of the keto-form and the corresponding
appearance of a new species, emitting in the region between E and K forms emissions
(Figure 3.19). This new band can be ascribed to the cationic form, given by the
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protonation of imine nitrogen, and is very similar in shape and position (only slightly
red-shifted) to the ones of the close-chain compounds.

Indeed, the N-protonation, in this case, interrupts the intramolecular H-bond (O-H =" N)
producing a similar electronic distribution as in the boranils.
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Figure 3.17. Absorption spectra of 18 (left) and 18’ (right) in CH5CN solution (¢ = 6.3x10°
M and 5.9x10° M, respectively) at rt upon addition of trifluoroacetic acid (from 0 eq, blue
line, to 1000 eq, red line).
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Figure 3.18. Emission spectra of 18 (left) and 18’ (right) in CH;CN solution (c = 6.3x10°M

and 5.9x10°° M, respectively) at rt upon addition of trifluoroacetic acid (from 0 eq, blue line, to
1000 eq, red line); Aex. = 425 and 420 nm, respective isosbestic points.

Complexes. The luminescence properties of Ir(Ill) complexes 20 and 20’ could be
attributed to a *CT nature of the emitting state, as confirmed by the blue shift of the
luminescence maxima on going from solution to glassy matrix and by the broad and
unstructured emission profile registered at rt (Figure 3.20, top). The values of radiative
constants in de-aerated solution (k. = 2.6x10° and 2.5x10° s, for 20 and 20°,
respectively), resulting ~ 2 orders of magnitude lower than expected for a neat *MLCT
transition, suggests a *LC contribution to the nature of the emitting excited state.
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Figure 3.19. Normalized luminescence spectra of complexes 20 and 20’ at rt in CH;CN
solutions (dotted line; scaled for corresponding photoluminescence quantum yields) (top) and of
21 and 21’ at 77 K (bottom) in CH,Cl,: CH;0H (1:1) glassy mixtures.

The introduction of the julolidine unit attached to the Pt moiety induces big
modification on the photophysical behavior of the Pt(II) complexes 21 and 21°. At odds
with the intense luminescence reported for Pt, they do not display any emission at room
temperature. At 77 K instead, luminescence spectra are very similar to the
phosphorescence of the ligands, with additional bands of different nature. From the
comparison of their emission profiles, recorded in gated condition after 0.5 ms delay,
with those of the corresponding ligands, it is possible to assign the bands peaking
around 600 nm to the phosphorescence of the julolidine portion (Figure 3.20, bottom).

Such behavior is consistent with the energy level diagram traced for these systems,
reported in Scheme 3.3: the triplet excited state responsible for the phosphorescence
emission of the ligands lies at lower energy than that coming from *MpLCT one,
estimated from Pt emission at 77K.® Thus it is possible to assume that a *Pt—"L energy
transfer process occurs, with population of the julolidine triplet state from the
Pt—(terpy) based one. Moreover, the fact that for both complexes, phosphorescence
lifetime values are much lower than in the free ligands and with double-exponential
decays (Tt = 0.6 and 3.0 ms for 21 and 0.9 and 3.7 ms for 21°; Table 3.10) accounts for a
percentage of mixing of ligand-centred triplet excited-state with charge-transfer states.
The additional bands, clearly visible in 21 and very weak in 21°, originate from (i) a
'LC excited state (Amax~ 465 nm) and (if) the *MpLCT excited state (Ama= 500 nm,

92



t=I11.5 and 11.2 us for 21 and 21°, respectively). The lifetimes recorded for the Pt-
based emissions result slightly shorter than the one reported for the model compound
Pt, confirming the occurring of the energy transfer process.

In the case of the triad 22, no emission is detected at room temperature, as for 21 and
21°. At 77 K, this compound displays a broad and multi-peak emission that covers all
the visible range, with the contribution of all components. To better understand how
much the single units affect the luminescence of the triad, emission maps with two
different ranges of excitation wavelengths have been performed, in order to cover the
entire absorption region (keeping absorbance under acceptable values for the kind of
measurement). Anyway, even exciting almost selectively ligand and metal units, just
slight differences in the relative intensities of the peaks were observed, without
separation of the bands of the single components. Almost the same trend is observed on
powdered solution. In such profile it is possible to recognize contributions of ligand
(singlet and triplet states), Pt(Il) and Ir(IIl) emissions (Amax = 466, 494, 564 and 636
nm). This kind of behavior seems to highlight the nature of white emitter for the triad,
as previously observed for ligands 18 and 18’ and particularly for Pt(Il) complex 21,
induced by a not complete energy transfer to the ’LC state. A precise estimation of the
efficiency of such processes cannot be performed because of the low emission intensity
registered for 22 at the different interesting regions.

A different behaviour is revealed for the corresponding polystyrene film, emitting
clearly at 630 nm, probably from the ligand centred triplet excited ("LC) state without
any other important contribution. For comparison purpose, emissions from polystyrene
films of one Ir(Ill) compound 20, Pt and ligand 19 have been recorded, as reported in
Figure 3.21. 20 shows a slightly red-shifted emission (Amax = 564 nm) with respect to
the glassy matrix, with lifetimes of the same order of magnitude, as similarly observed
for 19 (Amax = 544, 472 nm and Tt =3.46 us, 2.2 ns, for 20 and 19, respectively; see
Table 3.12). For Pt, the red-shifted peak displays a shorter lifetime values compared to
glassy matrix (Amax = 538 nm and T = 5.2 ns).
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Figure 3.21. Normalized emission spectra at rt in polystyrene film of the ligand 19 and
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Table 3.8. Absorption properties of ligands and complexes 18-22.

Amax, M (Emax x 107, M cm™)!

18 221 (22.9), 273 (9.7), 407 (40.3)
219 (25.8), 271 (10.1), 406 (37.1)™
18’ 217 (27.1), 279 (10.0), 399 (49.0)
219 (29.5), 274 (9.9), 399 (46.2)™
19 221 (25.1), 275 (12.8), 426 (64.5)
220 (30.1), 273 (13.2), 423 (62.6)"
19° 221 (23.5), 265 (8.3), 421 (64.0)
221 (25.0), 276 (8.5), 419 (62.0)™
Pt'c] 280 (34.6), 327 (18.9), 440 (2.6)
20 260 (58.8), 373 (23.6)
20° 257 (55.3), 370 (23.5)
21 223 (68.3), 310 (26.7), 339 (25.9), 408 (47.2)
21° 245 (56,3), 310 (22.7), 338 (21.5), 428 (64.6)
22 258(92.9), 340 (32.7), 373 (31.4)

? In CH;CN solutions at rt. ® In CH;0H solutions at rt. © Data from
ref. 65.
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Table 3.9. Luminescence properties of 18, 18°, 19 and 19’ at rt and at 77 K.

rt [a] 77K [6]
Amax, NM ¢ T, NS Amax, NM T, NS
18 1.1x107 464, 500, 540, 590
(1.1x107)
E form (fluo) 480 <0.02; 1.3
E form (phos) 54.6x10°
K form (fluo) 600 0.13 6.2
18 0.7x107 460 sh, 540 sh, 590
(0.7x107)
E form (fluo) 470 <0.02 1.1
E form (phos) 11.6x10°
K form (fluo) 600 0.12 4.6
19
fluo 479 0.75(0.80)  1.89 463 1.84
phos (1.97) 572 38.1x10°
19’
fluo 473 0.74 (0.82)  1.91 458 1.87
phos (2.01) 584 17.1x10°

* In air-equilibrated (de-aerated) CH3CN solution. For quantum yield determination: Aex. =
420 nm for 19 and 19°, 400 nm for 18 and 18°. For lifetime measurements, Aexc = 373 nm
for 18, 18°, 19, 19°. ®In CH,ClL: CH;0H (1:1) solution at 77 K, Aexe = 420 nm. For
fluorescence and phosphorescence lifetime measurements, Ay, = 373 nm and 370 nm,

respectively.

96



Table 3.10. Luminescence Properties of Complexes.

rt [a] 77 K[b]
Amax, NM ¢ T, NS Amax, NM T, US
ptl 605 4.7x107 (13.0x107)  313(920) 523 20.0
20 584 0.5x107 (3.4x107%)  34.5(1310) 544 11.2
20° 578 0.4x107 (2.8x107%)  30.8 (1140) 534 10.6
21 n.d. n.d. n.d. 466 -
500 11.5
600 0.6x10°, 3.0x10°
(52:48)
21 n.d. n.d. n.d. 464 -
500 11.2
594 0.9x10°, 3.7x10°
(70:30)
22 n.d. n.d. (3.5x10) nd.  466;498; 562; n.d.
612

a In air-equilibrated (de-aerated) CH3CN solution. For quantum yield determination: Aexc =
330 nm for 20 and 20’ and 340 nm for 22. For lifetime measurements: Aexc = 331 nm for
20, 20°, 21 and 21°. ° In glassy solutions of CH,Cl,: CH3;OH (1:1). For lifetime
measurements, Aexc = 331 and 370 nm for 20, 20°, 21 and 21°. *From Ref. 65. n.d. is not
detected or weak signal.
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Table 3.11. Luminescence properties of 18, 18, 19 and 19’ in different solvents at rt

TOL DCM MeOH

Amax, DM ¢ T, NS  Amax, NM ¢ T, NS  Amax, NM ¢ T, NS
18 0.9x1073 0.7x10 0.4x107>
E form 464 <0.02 478 <0.02 466 <0.02
K form 590 0.13 602 0.14 592 0.08
18 0.7x1073 0.5x10 0.3x10°
E form 440 <0.02 468 <0.02 462 0.03
K form 588 0.12 596 0.13 586 0.07
19 471 0.48 1.04 477 0.71 1.65 475 0.72 1.76
19’ 467 0.52 1.10 473 0.69 1.67 471 0.69 1.80

For quantum yield determination in air-equilibrated solutions, Acxe = 400 nm. For lifetime measurements,
Aexe =407 nm, for 18 and 18°, Acxc = 373 nm for 19 and 19°.

Table 3.12. Luminescence properties at rt of the ligand 19 and complexes 20, Pt and 22 in
polystyrene film.

Amax, NM T, NS

19 472 22
20 564  3.5x10°

Pt 538 5.2x10°

22 630  multiexp

98



3.2.2.2. Benzoxazolyl-phenolate Iriudium(I1l) complexes

The fourth series discussed in this chapter is composed of six neutral Ir(IlI) phenyl-
pyridine complexes with a benzoxazolyl-phenolate derivative as N”O chelating
ancillary ligand. Schematic representations of such compounds are depicted in Chart
3.4. The six complexes differ for the substituent on the phenyl moiety of phenyl-
pyridine unit (hydrogen in 23, 24 and 25 and fluoride in the derivatives 23°, 24’ and
25’) and for the group attached on the ancillary ligand (-CHs in 23 and 23°, -CN in 24
and 24°, -NBu, in 25 and 25”). Such series, unlike the other discussed above, does not
comprise multinuclear systems but just monometallic heteroleptic complexes, anyway
interesting for their remarkable lighting properties albeit the simple structures.

Lﬁcm
23: X=H

24:
23:X=F 24"

Chart 3.4. Schematic representation of the benzoxazolyl-phenolate Ir(IIl) complexes 23, 24 and
25 and of their fluoride derivatives 23°, 24° and 25°.

Absorption. Absorption spectra of Ir(III) heteroleptic complexes under investigation,
recorded in CH;CN solutions (¢ = 1 x 10” M), are collected in Figure 3.22, while
relevant data are listed in Table 3.13.

The common feature for all complexes is the most intense band, already reported for the
model [Ir(ppy)s]®” and for the Ir(III) complexes discussed above, peaking in the range
between 250-260 nm (€max ~ 5 - 6 x 10* M cm™) and assigned to spin-allowed 'LC
transition, centred on the phenyl-pyridine ligands.®”

In the other regions, absorption profiles of the Ir(IIl) compounds 23, 24 and 25 appear
very similar with respect to those of the corresponding congeners 23°, 24’ and 25°,
respectively, revealing that no clear effect are induced by the phenyl-pyridine
fluorination, while the substituent on the N*O ligand affects dramatically absorption
features, particularly in the case of the strong electron-withdrawing -CN group, in 24
and 24°.

The spectral region starting around 300 nm up to 360 nm is characterized by structured
and intense vibronic peaks for the complexes 23, 23°, 25 and 25°, attributable to singlet
ligand centred ('LC) transition involving the benzoxazolyl-phenolate unit.

For 24 and 24°, apart from one shoulder in the low-energy side of the ppy-centred band
at about 260 nm, a narrow band is clearly distinguishable at about 370 nm (Amax = 371
and 364 nm, €0 = 29900 and 40600 M'ecm™’, for 24 and 24°, respectively), ascribable
to 'm-m* transition, localized on the N~O ligand with its electron-withdrawing
substituent -CN, as differentiating element.

The broad and moderately intense band appearing at about 380 nm and extending up to
450-500 nm for 23, 23’, 25 and 25’ (emax ~ 10* M cm™) originates from Ir-based spin-
allowed metal-to-ligand charge transfer (‘MLCT) transitions, from Ir(III) to the
cyclometallating ligand, "’ with some likely weak contribution of formally spin
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forbidden triplet metal-to-ligand charge transfer CMLCT) transitions. As the presence
of the heavy iridium centre results in a strong spin-orbit coupling, these singlet-to-triplet
transitions become partially allowed.

Similar attribution can be done for the band that appears as a shoulder of the peak at 370
nm in 24 and 24’ absorption profiles, of comparable intensity with respect to 'MLCT
transitions bands observed for the other compounds.

As it can be inferred from the positions of such bands, similar for all the complexes, the
changes in substitution pattern do not dramatically affect the orbitals involved in the
transitions.
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Figure 3.22. Absorption spectra at rt in CH3;CN solutions of Ir(IlI) complexes 23, 23°, 24, 24°,
25 and 25°.

Emission. Emission analysis for the six compounds has been performed at room
temperature in dilute CH3CN solutions, in both air-equilibrated and air-free conditions,
and at low temperature in CH,Cl,: CH30H (1:1) glassy matrix. The recorded emission
profiles are reported in Figure 3.23 and 3.24 and the relevant data are summarized in
Table 3.14.

From emission profiles it is possible to identify some similarities between the behaviour
of the six complexes. In particular, as previously observed in absorption spectra (Fig.
3.23), for 25 and 25°, complexes with the -NBu, group as substituent on the ancillary
ligand, the emission profiles appear almost superimposable, with similarities in terms of
both spectral shapes and wavelengths of maximum intensity of emission peaks. For the
other complexes, the shapes and maxima of emission are similar inside the couples with
the same cyclometallating ligand, as for 23 and 24 (in this case, the second is just
slightly blue-shifted than the former of ca. 7 nm), and for 23’ and 24°.

Anyway, all compounds display bright emission both at room and at low temperature.
The values of PLQY's reported for the six complexes are of the same order of magnitude
with respect to [Ir(ppy)s] (¢ = 0.40) “’(from 0.11 to 0.44 for 23, 24, 25, 23°, 24’ and 25,
in de-aerated CH3;CN solutions).
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Figure 3.23. Normalized emission spectra at rt in de-aerated CH3;CN solutions of Ir(III)
complexes 23, 23, 24, 24°, 25 and 25°.

At rt, the fluorinated derivatives 23°, 24’ and 25’ report the highest values of lifetimes
and k. (see Table 3.14; k.= 3.5, 1.8, 1.2 x 10" s, respectively) and moreover, their
emissions result blue-shifted with respect to those of the non-fluorinated congeners, 23,
24 and 25, respectively. This behavior is due to the well-known effect of HOMO level
stabilization prompted by the electron-withdrawing fluoride substituent that increases
the energy content of both MLCT and LC transitions.””’® In glassy matrix, -NBu,
substituted compounds 25 and 25’ display red-shifted emissions with respect to the
corresponding complexes with the same cyclometallating ligand.

For all the complexes, the structured emission profiles, particularly when observed at
low temperature where the fine vibronic progression is evident (see Fig. 3.24) (while at
rt just 23’ and 24’ emission profiles appear slightly structured), account for a mixed
nature of the excited state responsible for the emission, with both ligand and metal
contribution CLC/°MLCT) to the phosphorescence. Actually, the high blue shift of the
profiles registered at 77 K with respect to those obtained at room temperature clearly
accounts for an involvement of transitions of charge transfer character (rigidochromic
effect already discussed in Chapter 2).°* While, as denoted by the calculated values of
the radiative constants for the six compounds (k= ¢/t, values from 1.2 t0 6.9 x 10* s™),
resulting one order of magnitude lower than those of traditional Ir(IlI) complexes,
emitting excited state comprises an important ligand contribution. A similar mixed
nature of the excited states responsible for the emission has been already reported for
similar systems, further supported by TD-DFT calculation results. Such analysis has
shown for the lowest triplet state, an LoC character with a substantial amount of mixing
with charge-transfer transition states of MLcCT, LALcCT, or MLACT nature (A=
ancillary ligand; C= cyclometallating ligand).”
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To better understand the nature of excited states responsible for the emission, it is
necessary to take into account, first of all, the most common orbital distribution widely
reported for ppy-cyclometallated Ir(III) complexes.” In such systems, both the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are usually spread between Ir and ppy units, in particular the former over the
metal unit and the anionic phenyl ring, while the latter on the neutral pyridine ring of
the cyclometallating ligand.”>””*"*®" Furthermore, DFT calculations, performed for
compounds of the form [(hydroxyphenyl-oxazole)Ir(III)(ppy).], similar to those under
investigation, suggest the additional N*O chelating ligand contribution to the orbitals
description. In particular, the anionic phenolate ring of the ligand seems to be involved
on the HOMO description while the neutral oxazole unit contributes to the LUMO
one.”

With respect to the parent systems already reported in literature,’” the Ir(IIl) compounds
here discussed display bathochromic shift of their emissions as effect of the extended
conjugation on the ancillary ligand. The comparison has been done with respect to the
parents compounds characterized by the only oxazole unit in the N*O ligand (Amax =
500 nm in toluene solution at rt)”’ and to those with the simple oxazole-fused phenyl
unit (Amax = 525 nm in toluene solution at rt)”.

All these evaluations and comparisons with very similar systems reveal the suitability of
this kind of complexes whose photophysical properties, through slight modification of
the structure, can be efficiently driven in the desired direction.
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Figure 3.24. Normalized emission spectra of CH,Cl,: CH3;0H (1:1) glassy solutions at 77 K of
Ir(IIT) complexes 23, 23°, 24, 24°, 25 and 25°.

Transient absorption. Laser flash photolysis experiments have been performed to
deeply investigate the nature of the excited states involved in the emission. Transient
absorption spectra of the six complexes, registered in de-aerated CH3CN solutions upon
excitation at 355 nm are displayed in Figure 3.25.
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Transient absorption spectra of the compounds with the same substituent on the
ancillary ligand result composed of almost the same features, 23 and 23°, 24 and 24°, 25
and 25°. The absorption profiles reported for 23 and 23’, apart from ground-state
absorption and emission bleaching, resulting in two negative peaks respectively at 310
and 540 nm, comprise two close absorption bands at 370 and 470 nm. In the low-energy
side of the spectral range, another broad and intense band appears, peaking at about 780
nm and tailing in the near-infrared region. Such features result very similar to those
reported for [Ir(ppy)s] in CH;CN solution, * with a broad absorption band at 380 nm
and another at about 900 nm, red-shifted with respect to the one reported for the
discussed compounds. The differential absorption spectra registered for 25 and 25 is
composed first of all of the bleaching of the ground-state absorption, resulting as a
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Figure 3.25. Transient absorption spectra in de-aerated CH3;CN solutions of Ir(II) complexes
23, 23,24, 24°, 25 and 25°. Aexe = 355 nm, Ajzss = 0.24, 2.1 mJ/pulse.

103



negative peak at 310 nm. Moving towards lower energy, a broad and intense band
appears between 380 and 480 nm while around 550 nm the bleaching due to the
emissions arises, with higher intensity for 25, accordingly with its higher PLQY. For
these two compounds, the particular shape of the broad highest-energy absorption bands
together with the longer decay time values registered with respect to those of
luminescence indicate that the absorbing excited state is not just a simple triplet state of
metal-to-ligand charge transfer nature but it is the result of a wide mixing with the
triplet excited state of the ligand (°LC). Probably the electron-donating ability of the
substituent -NBu, increases the energy of MLCT state, favouring the LC state
population. To confirm such evaluation, the absorption spectra of corresponding free
ligands should be recorded for comparison purpose.

In 23 and 23’ excited-state absorption spectra, a pattern of three distinct absorption
bands appears. They can be ascribed to the ppy radical anion, formed upon population
of the MLCT state. All the bands decay with the same lifetime of 2.9 and 8.8 us, for 23
and 23’ respectively. These values are similar to the emission excited state lifetimes (see
Table 3.14).

The -CN substituted 24 and 24’ display similar behaviour with respect to the -Me
substituted 23 and 23, with the only exception for the region below 400 nm. In such
range 24 and 24’ do not present the absorption band around 370 nm as the congeners
but a marked bleaching due to the ground-state absorption, slightly different and red-
shifted with respect to that of 23 and 23’. Thus, probably the overall transient absorption
profiles would be corresponding between the two couples of complexes but the
discussed band in 24 and 24’ maybe are just covered by ground-state absorption. In both
cases, the profiles are consistent with *MLCT nature transitions. The band found in all
the systems around 470-480 nm, more broad and pronounced in 25 and 25°, could be
ascribed to a *LC transition, centred in the ancillary ligand.

Table 3.13. Absorption properties of Ir(III) complexes 23-25 and 23°-25°.

Amax, MM (Emax, M cm™)

23 259 (56300); 334 (42200); 404 (9900)
23’ 250 (58800); 292 (51800); 415 (9900)
24 259 (49800); 371 (29900); 443 sh (7500)
29 253 (61300); 364 (40600); 435 sh (10300)
25 259 (49800); 332 (54900); 429 (9600)
25 249 (51300); 330 (53700); 425 (9200)

? In CH3CN solutions at rt.
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Table 3.14 Luminescence properties of Ir(III) complexes 23-25 and 23°-25°.

it 77 K
Amax, DM ) T, Us Amax, DM T, us
23 555 0.22(3.5x107) 3.2 513, 551, 600 sh 7.5
(1.8x107, 42.0x107)
23° 537 0.44 (2.0x107) 12.7 502, 547, 587 sh 14.3

(0.9x107, 50.9x107%)

24 554 0.18 (2.6x107) 3.5 513,553,600 sh  0.79x10° 0.19x10°
(1.1x107, 40.8x107)!

28 530 0.35(1.0x107) 19.1 509, 549,593 sh  1.32x10°, 0.42x10° ¥
(1.7x107, 56.5x107)'

25 568 0.19 (1.5x107) 5.8 527,567 sh 13.8
(2.7x107, 36.4x107)

25 563 0.11(0.8x107) 9.2 525, 560 sh 27.6
(2.0x107, 43.5x107)

* In de-aerated (air-equilibrated) CH3CN solution. For quantum yield determination: Aex. = 420
nm for all the complexes. For lifetime measurements, Aexc = 370 nm for all the complexes. ®In
CH,Cl,: CH30H (1:1) glassy solution, Aexe = 400 nm for all the complexes. For lifetime
measurements, Aexe = 370 nm for all the complexes. © Ratio 10:90. ¢ Ratio 20:80.

3.3. Conclusions

In the present chapter, the photophysical characterization of Pt(II), Ru(II), Os(II), Ir(II)
metal assemblies has been discussed. The series under investigation have been divided
in two different sections, based on the distinct properties that make them interesting for
distinct fields of application. In particular, the first part is centred on the presentation of
two series of multimetallic compounds, displaying good properties as antenna systems
for solar energy conversion, while the second part is about systems exhibiting intriguing
luminescence properties, useful for their possible application in practical devices, for
lighting purposes.

The first series is composed of new triptycene-based Ir-Os supramolecular assemblies 9
and 10, with the photoactive units kept in fixed positions and in a star-shaped
orientation thanks to central triptycene scaffold. They exhibit fast and efficient energy
transfer processes starting from the triptycene singlet and Ir-based triplets with final
population of the Os-based triplet level. Transient absorption measurements allowed us
to highlight the different nature of the excited states in the Ir-containing dyads and the
role of the low-lying triplet level of the triptycene scaffold.

The second series is composed of multinuclear Ir(IIT), Os(Il) and Pt(II) arrays bearing a
bridging spiro-bifluorene bis-bipyridine photoactive fragment. All individual modules
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are luminescent, but in the mixed 15 and 16 complexes the phosphorescence of the Pt
unit at 594 nm is quenched and exclusive emission from the Ir and the Os metal centres
at 646 and 788 nm, respectively, is observed. The increase of the lifetime of the metal
based emission, suggests a reservoir effect from the closely lying *MpLCT and *LC
triplet states, resulting in a pronounced increase of the excited state lifetimes of these
arrays. In the tetrad 17 the absorbed light energy is completely funnelled to the Os unit
that acts as the final collector, with efficiencies higher than 99%, both at rt in the
solution and at 77 K in the rigid matrix.

According to the obtained results, both the triptycene and the spiro-bifluorene
frameworks can be successfully employed in the construction of efficient antenna
systems, thanks to the suitable role of the organic bridge as active component in the
energy cascade and as functional structural element. Moreover, the basic study
performed on these architectures might be useful in the design of new light collectors in
optoelectronic devices and energy conversion systems.

The third series comprises four modified julolidine ligands and the corresponding Ir(III)
and Pt(IT) complexes, together with a dinuclear supramolecular assemblies.

Such series results doubly interesting because both ligands 18 and 18’ and two Pt(II)-
containing systems, 21 and 22, display remarkable ability in terms of almost white-light
emission. Indeed the ligands present panchromatic emission, achieved by taking direct
advantage of the ESIPT effect. Similarly to them, also the julolidine-based dinuclear
complex has shown white emission ability at low temperature and in powdered solution,
similarly to what observed at 77 K in glassy matrix for the Pt(Il) complex with the
open-chain julolidine ligand. In these two cases, the white light originates from not
perfectly efficient energy transfer processes to the lowest-lying ("LC) triplet excited
state of the julolidine ligand. Some contribution in 21 comes from the ESIPT process
occurring in its julolidine portion.

This study shows the successful combination of different strategies for emission colour
modulation, achieved by simple substitution on the central frameworks in the case of the
julolidine ligands, and by smart combination of active components in the metallated
systems 21 and 22. In both cases, an improvement of the obtained results can be
achieved by manipulation of the frameworks through proper and simple
functionalization, suggesting new approaches that can open the route to the synthesis of
a new class of white light emitting systems, as promising luminescent materials in
electro-optical devices for lighting (e.g. OLEDs and LECs).

The fourth series under investigation comprises six neutral Ir(III) phenylpyridine
complexes with an N"O chelating benzoxazolyl-phenolate derivative as ancillary
ligand. All complexes exhibit bright luminescence at rt, with high values of PLQYSs, and
at 77 K. Transient absorption measurements have been performed to clarify the different
nature of the excited states and the extent of contribution of the low-lying triplet level of
the benzoxazolyl-phenolate unit. This set of molecules differs from the other series
reported in the present Chapter because it does not comprise rigid organic scaffold
acting as bridge and no multinuclear systems appear. Anyway, the compounds are
reported as good example of transition metal complexes whose photophysical properties
modulation has been achieved by means of planned pattern of substitution on the main
framework. In particular, such study evidenced that by substituting an hydrogen atom
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with a small group (such as NBu,, CN and Me) in the ancillary ligand, it is possible to
achieve a shift of the emission from green to yellow, not affecting other properties such
as the PLQY, remained around high values, and luminescence lifetimes, even higher
than those of similar reported compounds.”

The overall study explained on this chapter points out that making use of versatile
ligands and proper metallic units, and starting from the knowledge and fundamental
understanding of their effect on the photophysical properties, the fine-tuning of their
electronic absorption, emission and excited state properties can be achieved. The
innovative molecular design herein proposed, in combination with photophysical and
photochemical characterization of the obtained structures, suggest that the field of
transition metal complexes is not close yet and further improvement can still be
achieved. Future development of luminescent transition metal complexes with better
and optimized functions can enlarge their application in many different fields, such as
chemo-sensing, OLEDs, OPVs and DSSCs, multi-modal imaging, diagnostics, therapy,
photocatalysis, and photosensitizing for clean and renewable energy in general.
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Chapter 4

4. Self-organizing corroles as novel structural platform for the
artificial photosynthesis

The class of tetrapyrrolic-based materials has attracted much attention during the time
since the main chromophoric components of photosynthetic light-harvesting (LH)
antennas and reaction centres (RC) in nature are just porphyrinoid systems with the
main example of the photosynthetically active chlorophylls (Chls).

By the development of new synthetic strategies for manipulation of these frameworks,
the easy functionalization of their aromatic platform made possible to drive their
properties in the desired direction, conferring amphiphilic character by decoration with
polar groups, or extending the electronic delocalization by appending non polar
aromatic substituents. Thus, this class of macrocycles has become suitable as example
of tunable scaffolds, finding applications in several fields, such as catalysis,' sensing,’
as photosensitizers in photodynamic therapy’ and especially in dye-sensitized solar
cells.”

Many semi-synthetic porphyrinoids have been employed as result of bio-inspired
molecular mimicking, mostly based on the chlorine core.” In particular, porphyrins have
attracted significant interest due to the relatively simple preparation, possibility of
structural modifications and suitable photophysical properties®’ but now the class of the
corresponding structural analogues corroles, represents the new frontier. The relatively
few information about this class of compounds is probably due to the complicated
preparation but fortunately in the past decade efficient synthetic procedures® and good
methods for peripheral substitution allowed exploitation of the potential applications of
such tetrapyrrolic derivatives in several fields (i.e. catalysis, sensing or medicine).”"
Actually, the rich coordination chemistry they revealed makes them formidable
competitors'' to the porphyrins.

4.1. Introduction

4.1.1. Corroles

The principal difference between corroles and porphyrins (see Chart 4.1) is the more
condensed central core for the formers, with three protonated and one free nitrogen
atoms in the free-base form (Fb). This structural difference is responsible for the lower
symmetry and for the higher m electron-richness of the corroles, which in spite of the
improvement induced to the chromophoric properties is responsible for the higher
sensitivity toward degradation, as effect of the enhanced interaction with light and
oxygen.'> Moreover, similarly to porphyrins, the three meso-carbon atoms of the
bridges between the pyrrolic units are very reactive. In fact to stabilize corroles, a
strategy has been adopted, based on the functionalization of the central core with
electon-withdrawing substituents ° and on the preparation of meso-substituted
derivatives, much more stable and robust.
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Corrole Porphyrin
Chart 4.1. Chemical structures of unsubstituted free-base corrole (left) and porphyrin (right).

From a photophysical point of view, the main differences between corroles and
porphyrins, mostly due to the structural differences discussed above, appear both in the
fluorescence of the respective Fb forms, generally more intense for corroles than for
porphyrins or other related macrocycles, and in the Q-bands absorption coefficients, in
the visible region of the spectrum, also higher than for porphyrins.

Thus, it is important to deeply understand the structure features of such compounds,
since they are the main responsible for both reactivity and photophysical properties. For
instance, the high NH acidity of corroles can be explained just with structural
considerations, taking into account the perpendicular position of the most acidic NH
proton with respect to its own pyrrolic ring. Such proton is that of the ring linked
directly to its neighbour pyrrole, rather than through the carbon bridge. Since upon
release of such proton, steric relaxations stabilize the overall systems, deprotonation is
highly favoured.

Chart 4.2. Molecular structures of free-base trans-A,B-corroles 1, 2 and 3.

Reported X-ray analysis of corroles revealed a strong distortion from planarity for the
macrocycle, displaying pyrrole rings in alternated positions, above and below the plane
formed by the four nitrogen atoms; just one NH proton is coplanar.'* This kind of
arrangement is imposed by steric hindrance matters between the three NH protons of the
core.
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Since by proper functionalization of the periphery it is possible to twist the structure, in
view of potential applications, fine-tuning and optimization of certain corrole properties
can be easily achieved by simple synthetic “interventions” on their framework.

In this Chapter a series of corroles is introduced (see Chart 4.2), whose structure
decoration has produced particular modifications on photophysical behaviour.

Such investigation ascertained the effectiveness of programmed substitution pattern
towards the promotion of self-organization for these molecules. The shown results
propose these series of corroles as promising models of biomimetic photosensitizers in
molecular devices, as valid alternative in exploiting sunlight to the most common
porphyrins.

4.1.2. Self-assembly

The development of strategies to prompt the arrangement of functional heterocyclic
chromophores such as corroles and phorphyrins into highly ordered self-assembled
arrays, is still a current research topic. It has grown in attempt to mimic natural
hydrogen-bond-based self-assembly, occurring in photosynthetic organisms, due to the
high efficiency that photosynthesis achieves by means of the excitonic delocalization
along the large self-organized system.

Natural Chl pigments in photosynthetic systems form J-type self-aggregates and are the
main responsible for ultrafast and efficient energy transfer of harvested photons towards
the reaction centre. These molecules are magnesium chlorin complexes in which both
central atom and peripheral substituents (hydroxyl and carbonyl groups) are involved in
the self-aggregation, performed through three types of interaction: hydrogen bonding
(OH:--0=C), coordination between Mg and OH (Mg:---OH) and mt-r stacking among the
aromatic portions.

However, since overall natural structures are complicated and of difficult reproduction
through the traditional synthetic strategies (for instance, Chls are embedded in protein
envelops in many photosynthetic apparatus), simplified models and approach are
required to mimic natural assemblies.

Actually self-assembly, inducing intriguing photophysical properties, can be widely
adopted in the effort for fabrication of organic functional molecular nanostructures'
and stimulates a wide range of possible applications. It represents a useful method to
organize large number of molecules, by using simpler approach with respect to covalent
bonding. Actually, even if this last direction offers many possible strategies for the
fabrication of artificial photosynthetic units, it is not always feasible in practice or could
require several difficult reaction steps and sometimes, hard reaction conditions, too.
Instead, self-assembly has been observed in nature as a spontaneous process, in general
prompted mainly by non-covalent interactions, such as hydrogen, electrostatic and van
der Waals bonding, m-m stacking, metal-ligand coordination and hydrophobic
interactions, thus more easily achievable.

Porphyrins have shown to be particularly attractive building blocks in this kind of
process because the favoured packing of their aromatic portions can result in enhanced
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photophysical and photochemical performances, important from a technological point
of view. Thus their self-organization has been widely studied in the past.

Now, in attempt to identify novel structural platform for the solar energy conversion,
corroles able to perform self-organization could be good candidates. To the best of our
knowledge, self-organizing corroles were not reported to date, apart from one example'’
in which anyway, spectroscopic data in solution are not supported by X-ray analysis. In
this Chapter a good result in such a field is discussed.

Self-aggregating corroles under analysis have been synthetized by Professor D. Gryko.
He designed three trans-A,B-corroles decorated with ester and amide carbonylic groups
as active units toward hydrogen-bond, in order to promote self-assembly by non-
covalent interactions. And similarly to porphyrins,' also these corroles validate such
approach.

Absorption, emission and aggregation properties of such compounds, whose schematic
structures are depicted in Chart 4.2, have been investigated and presented below. They
are corroles substitutes in the meso-positions with two pentafluoro-phenyl rings and one
phenyl unit, linked to distinct chains for the different compounds. In particular,
compound 1 is composed of an ester group in the meso-aryl unit, while 2 and 3 present
an amide group linked to an alkyl chain, hydroxyl ending in compound 2.

4.2. Results and Discussion

4.2.1. Absorption

UV-Vis absorption analysis has been performed at room temperature in dilute solutions
of many solvents [c = 8-5 x 10°M in dichloromethane (DCM), acetonitrile (ACN),
methanol (MeOH) and toluene (TOL) solutions] for the three corroles and related
details are gathered in Table 4.1.

In general, absorption features of corroles are defined by means of Gouterman’s four-
orbital model,'® that describes the visible and near-UV absorption of tetrapyrrolic
compounds as characterized by two sets of transitions between the two highest occupied
(HOMOs) and the two lowest unoccupied (LUMOs) molecular orbitals, within the
macrocyclic ring. According to such vision, two main kinds of bands compose the
overall absorption spectrum of the three corroles.

The intense band appearing at high energy, at about 410 nm, is denoted as Soret-type
transition, and those at lower energy, in the range between 500 and 700 nm, as Q-type
transitions. This attribution is performed by analogy to porphyrins, since corroles are
basically porphyrins contracted by one meso-carbon and have similar 18-electron 7
system. In fact, absorption spectra of corroles are characterized by intense spin-allowed
m-m* transitions similarly to those of porphyrins.

The molar extinction coefficient values obtained in the several solvents for both the
bands are in agreement with those already reported in the literature for similar systems
(Mmax= 406-417 nm €ma= 1.1-1.4 x 10> M'em™ for the B bands and Ama= 559-570 nm
Ema= 1.6-2.3 x 10* M'em™ for the first Q band).19
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By comparing absorption profiles registered in different medium (see Fig 4.1), both
extinction coefficients and wavelengths of maximum absorption appear to be not
dramatically affected by changes in solvent polarity and just little differences can be
observed for the two envelops of bands. First of all, it is clearly visible that in every
solvent, absorption intensity of compound 3 is the lowest.
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Figure 4.1. Absorption spectra of corroles 1, 2 and 3 in toluene (top, left), CH,Cl, (top, right),
CH;CN (bottom, left) and CH;0H (bottom, right) solutions at rt

Another observation is related to the shapes of absorption bands, in particular the top of
absorption peak in the high-energy region appears more flat in acetonitrile solution than
in the other solvents, where instead it stretches out towards the blue region. Such non-
symmetric shape can be translated as a small splitting of the Soret band, resulting in a
sort of weak long wavelength shoulder on the low energy side of the main peak, as
already observed in other corroles with bulky group in the meso positions, due to further
distortion from planarity.*

The two Q bands in the low energy region of the spectral range show almost equal
intensity in acetonitrile unlike the other solvents, in which instead the peak at longer
wavelength appears less intense than the other. In toluene and dichloromethane these
two Q bands become almost three because of the appearance of a shoulder in the low
energy side. Anyway all such reported differences are of very low extent if compared
with the expectations produced on the basis of literature data.'

The shapes of both bands are usually dependent on the substitution pattern of the
macrocycle that affects energy and extinction coefficient of the two related bands.** But
for the compounds under investigation, the presence of different groups in the meso-aryl
unit does not result in different effects on the absorption profiles because such
substituents probably induce similar modifications to the macrocycles symmetry. Just
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for longest chain substituted corrole 3, the B band, less intense than for 1 and 2, seems
to be more flat at the top, indicating a less pronounced domination of one tautomer to
the other. NH tautomerization is widely reported for corroles, where the inner NH
proton migrates around the ring (see Chart 4.3).>> In absorption for corroles 1, 2 and 3
the contributions of the two forms is not completely distinguishable because of the
strong overlap of their absorption spectra, but usually the shorter-wavelength
component in the Soret band is ascribed to tautomer T2 while the longer-wavelength to
tautomer T1.

The same criterion can be applied for the Q bands: in the present case, the one around
611-620 nm is attributed to T2 and the shoulder tailing over 650 nm to T1. Such
attribution is made according to a careful assignment already reported.”

Chart 4.3. Equilibrium between two corrole NH tautomers (T1 and T2 are assigned in
agreement with Ref. 23)

4.2.2. Emission at Room Temperature

Emission spectra have been recorded for air-equilibrated dichloromethane, acetonitrile,
methanol and toluene solutions of corroles 1, 2 and 3 at room temperature; de-aerated
toluene solutions have been analyzed at room temperature. Resulting photophysical
parameters are collected in Table 4.2.

Emission spectra of optically matched solutions of the three corroles are reported in Fig.
4.2 in air-free toluene solutions at room temperature, upon excitation at 560 nm. In such
condition, lifetimes and luminescence quantum yields result just slightly increased with
respect to those obtained in aerated solution (¢ ~ 0.15 and Tt ~ 4 ns in air, ¢ ~0.16 and t

TOL

—1

—2
3

Intensity (a.u.)

T T T T = T 1
550 600 650 700 750 800 850
Wavelength (nm)

Figure 4.2. Emission spectra of corroles 1, 2 and 3 in de-aerated toluene solutions at rt; Aex. =
560 nm.
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~ 5.5 ns in air-free solutions; for details see Table 4.2).

In the remaining solvents, the registered emission profiles result perfectly
superimposable to those in toluene, indicating for all corroles a solvent independent
emission behavior at room temperature. All emission curves display intense and
structured profiles, composed of one peak at about 650 nm with a shoulder at longer
wavelengths as result of the vibronic progression, and lifetimes between 3.7 and 4.3 ns
in all the investigated solvents. Just luminescence quantum yields follow a different
trend, going from a value of 0.13 in methanol to 0.15 in toluene. This effect does not
seem to be directly related to solvent polarity, because the results achieved in the very
polar acetonitrile solutions are similar to those in toluene. Thus, the lowest PLQY
obtained in methanolic solutions might be attributed to intermolecular hydrogen bond
occurring between solvent hydroxyl group and corrole core NH. This interaction
increases ky through introduction of further deactivation pathways, related to the
induced distortion, and thus results in a lowering of fluorescence quantum yield but
without affecting the lifetime too.

As already observed in absorption spectra (Fig. 4.1), the different substituents in the
meso-phenyl ring on the macrocycle core do not produce distinct effects on
luminescence properties, at least at room temperature. Actually, despite substituents
changing, emission profiles (Fig. 4.2) together with relevant photophysical parameters
(Table 4.2) account for almost constant energy level of the emitting state and active
macrocycle orbitals nearly unaffected.
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Figure 4.3. Arbitrarily scaled absorption (full line) and excitation (dotted line) spectra of
corroles 1, 2 (top) and 3 (bottom) in toluene solution at rt; Ay, = 700 nm.

On the basis of the above discussion, as well as by comparison with corresponding
literature data, the emission can be safely ascribed to the lowest-lying singlet m-mt*
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excited state centred on the corrole core, in every solvent and for all compounds,
without evident contribution of charge transfer nature.

Moreover, Fig. 4.3 reports as an example excitation and absorption spectra of
compounds 1, 2 and 3 in toluene solution, showing the perfect superimposition of the
two profiles.

It confirms that emission originates just from the species detected in absorption. In
particular, tautomer T1 is the main responsible for such emission thanks to an efficient
thermal re-population of its emitting S, state (for a more detailed discussion see below).

4.2.3 Emission at low temperature and solvent effect

Emission spectra of corroles 1, 2 and 3 have been recorded at 77 K in CH,Cl,, CH3CN,
CH;0H, toluene and mixed CH,Cl,: CH30H (1:1) glassy solutions, upon excitation at
560 nm. The related photophysical results are summarized in Table 4.3 while Fig. 4.4
collects the emission profiles obtained in frozen CH,Cl,: CH30H (1:1) solutions.

If at room temperature the behavior of the investigated compounds seems quite
homogeneous, at 77 K instead it appears very tangled and of tricky interpretation, due to
a clear influence of both meso-phenyl substituent and solvent.
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Figure 4.4. Emission spectra of corroles 1, 2 and 3 in CH,Cl,: CH;OH (1:1) glassy solutions at
77 K; Aexe = 560 nm.

A first simplifying key for explaining the nature of such spectra is given by the well-
known phenomenon of NH tautomerization, already introduced in the absorption
discussion above. It occurs in free-base (Fb) porphyrins and corroles but it is prominent
in the latters where a lower symmetry induces structurally and electronically differences
in the tautomers, making them distinguishable already at room temperature in same
cases.

In the investigated compounds, at room temperature, just a very slight hump in the high-
energy side of the principle emission peak can be seen as result of such phenomenon. It
is not particularly evident, indicating that the fluorescence spectrum for each corrole
originates only from the main emission of the tautomer T1. The preferential population
of its S; emitting state occurs not only by its direct excitation but also as result of the
efficient conversion of T2 to T1 in the excited state.”
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At 77 K, what at rt appeared just like a hump, results instead as clear peak, even more
intense than the other one, in some cases. In particular, for CH,Cl,: CH30H (1:1) and
pure methanol solutions, the T2 emission from S;—S, transition results dominating for
all corroles, with maximum of emission moved in the range 616-621 nm, as shown in
Fig. 4.4 for mixed matrixes (CH3OH solution emissions are slightly blue-shifted). The
shoulder arising at around 670-680 nm is a vibrational satellite of the former, coming
from the sum of several vibrational modes.

After this discussion, it is clear that the blue shift of the emission maxima obtained at 77
K is not ascribable, as in the metallic systems previously discussed (Chapter 2 and 3), to
rigidochromic effect of the solvent but rather to changes in the ratio between the two
tautomeric species present in the excited state, as observed for several Fb-corroles.**

For the compound 2 in both CH,Cl: CH;0H (1:1) and CH3OH glassy solutions, an
additional shoulder appears around 650 nm between the other two peaks and it becomes
more pronounced by changing the excitation wavelength from 560 nm to 440 nm. In
this condition, such band appears also in the emission profiles of the corroles 1 and 3,
accounting for the presence of an additional emitting species, such as T1, and probably
with slightly higher absorption at 440 nm than 560 nm. The spectra obtained for 1, 2
and 3 upon excitation at 440 nm are reported in Fig. 4.5. In Fig. 4.6 excitation spectra
registered in CH,Cl,: CH3;OH (1:1) at the preferential emission wavelength of T2 (Aem =
620 nm) are shown for the range of the B bands.
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Figure 4.5. Emission spectra of corroles 1, 2 and 3 in CH,Cl,: CH;0H (1:1) glassy solutions at
77 K Aexe = 440 nm.

Here it is possible to observe that the Soret band is split in two components, ascribed to
T1 and T2 respectively, with the one at lower energy less pronounced than that at higher
energy. This additional experiment confirms that both species are present in the ground
state also at 77 K but, moving to the excited state, due to the tautomerization
equilibrium, they appear in different proportion, in agreement with the different
contribution observed in emission, higher for T2, here present as principle emitter, than
for T1. Moreover, the fact that T1 displays prevalent absorption in the range 425-450
nm at 77 K (see Fig. 4.6) validates the interpretation of the experiment reported in Fig.
4.5 where prevalent excitation of T1 has been performed, producing an enhancement of
its emission at 650 nm.
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In DCM, the emission behavior is less regular than in the mixed CH,Cl,: CH;0H
solvents but the trend is kept constant, displaying a slightly red-shifted T2 emission
peak (around 626-632 nm) and a shoulder around 680 nm. Moreover, the band appeared
for 2 in CH30H and CH,Cl,: CH3;0H, ascribed to T1 emissions (Fig. 4.5), is here
present in all the compounds, and particularly evidenced in 2 again (see Fig. 4.7, left).
In toluene there is an inversion of tendency as reported in Fig. 4.7 (right): in the
emission profiles of 1 and 3, as at room temperature, T1 is again the prominent emitting
tautomer, while for 2, emission from T2 appears slightly higher than that from TI.
Corresponding behavior is observed in the vibrational shoulders at longer wavelengths,
located at higher or lower energy with respect to the most intense band as function of
the prominent tautomer, thus lying around 660 nm when T2 emission is the major
component and around 710 nm when T1 dominates.
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Figure 4.6. Excitation spectra of corroles 1, 2 and 3 in CH,Cl,: CH;0H (1:1) glassy solutions
at 77 K; Aem = 620 nm.

The very low Stokes’ shift (almost zero in toluene solutions, see Fig. 4.8) revealed by
comparison of excitation and emission spectra recorded at low temperature is related to
the minimization of relaxation processes in rigid environment and accounts for the
presence of a pure Franck-Condon emitting state, with a very low degree of distortion.
By comparing the excitation spectra recorded at the two distinct wavelengths of
emission of the two tautomers, it is possible to confirm also the attribution of the
corresponding absorption bands (clearly distinguishable in excitation spectra) to T1 at
lower and to T2 at higher energy. In fact, the relative intensities of the two peaks that
compose the Soret band in the excitation profiles change with the wavelength of
emission: at Aem = 620 nm (emission of T2), the B peak at higher energy dominates in
excitation profile, accounting for a T2 nature, unlikely at Ay, = 650 nm (emission of
T1), the lower energy peak is more intense, thus can be safely ascribed to T1.
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Figure 4.7. Emission spectra of corroles 1, 2 and 3 in DCM (left) and Tol (right) glassy
solutions at 77 K; Aexc = 560 nm.

The peculiar influence of the temperature on emission properties represents an original
feature for this class of compounds. In fact, apart from the example of pyrimidinyl-
substituted systems already reported,”* the emission properties in meso-triarylcorroles
have not revealed to be temperature dependent and emission originates mainly from T1
tautomer. In the investigated compounds, the activation energies for the Tl — T2 and
T2 — TI1 tautomerizations in the excited S; state differ strongly, leading as usual to
preferential population of the S; state of the T1 tautomer at room temperature. Instead,
when temperature is going down, such equilibrium shifts towards the tautomer with
higher energy on the ground state. It is important to stress that temperature does not
change the tautomers population in the ground state but it interferes on the excited state
equilibrium between them, so switching their fluorescence.

The investigated corroles, as expected, have not exhibited any phosphorescence
emission in the visible and near IR range, due to the low intersystem crossing efficiency
from singlet to triplet excited states, as also confirmed by the high values of
fluorescence quantum yields.

4.2.3.1. Lifetime Analyses

The data obtained from lifetime analysis at 77 K are again very heterogeneous, resulting
in the presence of a shorter-lived component, attributed to T2, present in toluene,
acetonitrile and dichloromethane solutions and ranging from 0.4 to 1.5 ns, and a longer-
lived one, ascribable to tautomer T1 (see Table 4.4), appearing in every solvent in the
time range between 5 and 9 ns.” Such behavior is in agreement with literature data.'” *'
Fluorescence decays recorded in several solvents for the emission of T1 at 77 K can be
directly compared to those obtained at room temperature, since such tautomer is the
only one detected at room temperature. The cooling process, instead, blocks T2 — T1

tautomerizations allowing the emission from T2.
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Figure 4.8. Arbitrarily scaled excitation (blue line) and emission (red line) spectra of corroles 1,
2 (top) and 3 (bottom) in toluene solution at 77 K; Aep, = 700 nm; Ay, = 560 nm.
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Figure 4.9. Decay Associated Spectra (DAS) for corroles 1, 2 (top) and 3 in toluene glassy
solutions at 77 K of tautomer T1 (red dotted-line) and tautomer T2 (blue dotted-line).
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In order to gain the separated profiles of the two tautomers, time resolved measurements
have been performed for toluene solutions of the three corroles, upon excitation at 373
nm. Two exponential lifetime components have been used to adequately describe the
registered decays.

The corresponding time resolved fluorescence decay associated spectra, obtained by
plotting the amplitudes of the individual kinetic components as function of the
wavelength, are displayed in Figure 4.9 for the three systems. The lifetime values
obtained by the global analysis are around 5 ns for T1, with emission maximum at 650
nm and between 0.4 and 0.9 ns for T2, peaking at 620 nm.

4.3 Aggregation

In order to investigate the aggregation properties of the present corroles, UV-Vis
absorption and emission spectra have been performed at room temperature on
methanolic solutions, upon addition of increasing amount of water (from 0 to 80%). The
selection of this couple of solvents has been done taking into account the solubility
properties of the macrocycles, efficiently dissolved in methanol but not in water.
Indeed, at increasing amount of the non-solubilizing solvent, the molecules should
aggregate in the attempt to minimize the interaction with the unfavorable environment.
Fig. 4.10 reports absorption and emission spectra of mixed methanol/water solutions of
compounds 1, 2 and 3 at increasing content of water. Molarities of the starting solutions
are chosen in order to guarantee as final corrole concentration of analyzed sample, the
fixed value of 7.5 x10° M, necessary to keep B bands absorption below the Lambert
Beer law limits and Q bands around a value suitable for emission analysis. As shown in
Fig. 4.10, no evidence for aggregation appears, nor in absorption nor in emission, when
the amount of water is kept below 40%. Instead, at increasing water percentage, a
decrease, broadening and slight blue shift (ca. 2 nm) of the absorption B band are
registered together with a simultaneous lowering of the Q bands and a drastic emission
quenching. Moreover, in absorption spectra the lowering of B and Q band intensities
occurs in tandem with the appearance of an isosbestic point (at about 430 nm), as clear
indication of the fact that absorption changes are not mere solvent effects but account
for the growing of a new species in solution.

The so-called critical water percentage lays around 40-50% for all the corroles and
represents the point of drastic change in absorbance and emission intensity.

Further information about aggregation process has been given by the parallel analyses
of lifetimes for the corresponding solutions: upon increasing of the water content,
registered values remained constant even for almost complete quenched samples. This
behavior indicates that formed aggregates are completely non luminescent and the
measured lifetime belongs just to the monomer remained in solution. Excitation spectra
also confirm such evaluation, keeping the features of the monomer at every water %.
The different trend assumed by the investigated corroles in comparison with the most
common J-aggregation of similar phorphyrins (resulting in more prominent
modifications of absorption profiles with red shift of B band), can be ascribed to the
related different geometries, actually responsible for different packing modes.
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Figure 4.10. Absorption (left) and emission (right) spectra of corroles 1 (top), 2 (centre) and 3
(bottom) in CH;OH/Water solutions (% Water from 0 to 80%) ([1] = 8.0x10° M; [2] = 7.3x10’
O M; [3] =7.0x10° M) at rt; Aexe = 560 nm.

Moreover, from the moderate observed blue shift, it is not clear if dimer formation or
higher H-type aggregation take place. To obtain a certain interpretation of such
phenomenon, X-ray analysis has been performed by the group of Gryko for the three
compounds. Such measurement clarified that self-organization results in dimer
formation, driven by intermolecular hydrogen bond, between the appended carbonylic
oxygen in the meso-phenyl ring of one corrole and the NH of the core of the neighbor
(CO---HN) (see Fig. 4.11 for corrole 3). The resulted dimer displays its side chains
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sandwiched between two tetrapyrrolic units with the phenyl moieties perpendicular to

the corresponding core plane.

CD measurements have been performed on the corroles CH;OH /Water (30:70)
solutions at different proportion in order to ascertain if the aggregates display any form
of chirality, but no signal has been detected.

Figure 4.11. Hydrogen bonded dimer of corrole 3.

Table 4.1 Absorption features of corroles 1, 2 and 3 in toluene, CH;CN, CH,Cl, and

CH;O0H.
TOL ACN DCM MeOH
Mmax, DM Mmax, DM Anax, NM Mnax, NM
(€max, Mlem™) (€max, M'em™) (€max, Mlem™) (€max, M'em™)
1 416 (119,000) 417 (123,000) 408 (137,500) 406 (133,400)
565 (20,700) 566 (18,800) 559 (22,500) 565 (23,400)
615 (12,700) 619 (19,700) 611(15,300) 611 (16,700)
2 413 (127,700) 410 (125,100) 409 (142,700) 409 (130,000)
570 (22,800) 567 (20,100) 567 (23,900) 567 (21,200)
615 (14,800) 617 (18,900) 611 (15,300) 614 (18,600)
3 415 (106,900) 419 (107,900) 409 (122,800) 408 (109,100)
567 (17,500) 565 (16,400) 559 (19,700) 566 (17,200)
615 (11,000) 620 (15,300) 611 (11,800) 614 (15,200)
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Table 4.2 Luminescence properties of corroles 1, 2 and 3 in toluene, CH3;CN, CH,Cl, and
CH;0H at room temperature.

TOLM™ ACNP
It ¢ T,ns!” It [0 7,ns!”!
)\max, nm }\'rnaXa nm
1 650,710 sh 0.155 3.96 648, 700sh 0.150 3.78
(0.169) (5.3)!
2 650,710 sh 0.156 3.75 650, 700sh 0.154 3.81
(0.160) (5.5)!
3 650,710 sh 0.154 4.30 650, 700sh 0.140 3.85
(0.165) (5.5)'
DCM™ MeOH!™
rt ¢ 7,ns!" rt ¢ 7,ns!"
}\-max, nm }\-max, nm
1 650, 710 sh 0.142 3.8 654, 720 sh 0.127 3.4
2 652, 710 sh 0.148 3.7 654, 720 sh 0.135 3.6
3 650, 710 sh 0.147 4.1 652, 720 sh 0.134 3.8

* In air-equilibrated solutions. For quantum yield determination: Aee = 560 nm. ° For lifetime
measurements, Aexe = 373 nm. € In air-free toluene solutions.

Table 4.3 Luminescence properties of corroles 1, 2 and 3 in CH,Cl,: CH3;0H (1:1),
CH3CN, CH2C12 and CH3OH at 77 K.

DCM:MeOH (1:1) ACN
77K ) e, M t,ns'®! 77K I o, NM 7,ns'®
1 619 6.5 632 0.7; 6.3 (30:70)
2 618 5.7 616, 656 0.8; 4.7 (50:50)
3 621 6.5 618 1.2; 5.4 (50:50)
DCM MeOH
77K A, nM t,ns®! 77K A, nM t,ns'!

1 626, 648 sh 1.3; 5.0 (50:50) 618 9.0

2 626, 650 sh 1.3;4.2 (40:60) 618 7.8

3 632, 678 sh 1.5; 5.0(40:60) 616 8.3

*Wavelength values from not corrected spectra. ® For lifetime measurements, Aexc =
373 nm. “In CH;CN glassy solution, Aexc = 420 nm.
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4.4. Conclusions

Three free-base trans-A,B-phenylcorrole with different substituents on the meso-phenyl
ring has been characterized by means of absorption and emission spectroscopy. The
results showed that photophysical properties of the studied compounds are governed by
the lowest-lying m-t* singlet state, responsible for high fluorescence quantum yields
and lifetimes in the order of few nanoseconds.

A deep investigation has been undertaken to understand the role on absorption and
emission profiles of the two NH tautomers, in different solvents and at room and low
temperature. The distinct contributions of the tautomers have been assigned to the
relevant peaks of emission and absorption spectra, in agreement with literature
information also confirmed by experimental evaluations. It was found that the
fluorescence from tautomer T1 is predominant at room temperature, unlike low
temperatures, where tautomer T2 dominates in almost all the investigated solvents. Such
a big temperature dependence that switches fluorescence emissions from the two
tautomers is very rarely reported and opens the way to many possible applications.
Furthermore, these molecules displayed interesting properties in terms of solvent
promoted self-aggregation. In very polar environment, they self-organize into dimeric
species, through intermolecular hydrogen bond between the pyrrole ring of one corrole
and the carbonylic oxygen of the side chain of the adjacent macrocycle. This behavior,
obtained upon a precise design of the structure, candidates these compounds as novel
structural platform for solar energy conversion, by mimicking natural hydrogen-bond
based self-assembly.
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Chapter 5

S. Photophysical investigation of PSI immobilized on hematite
surface for solar to fuel conversion

Nowadays, the need to develop renewable energy sources stimulates the scientific
research towards the design of cheap, efficient and robust devices for solar-to-fuel
conversion. Direct conversion of solar into condensed and storable chemical energy can
be realized within nanoscale synthetic systems, by fabrication of photo-optical cells
(e.g. dye-sensitized solar cells, DSSCs), whose working principles take advantage from
the knowledge of the basic concepts of natural mechanisms.

Photosynthetic process is composed of several sequential reactions, and its mechanism
has not been yet perfectly clarified. Many attempts at making artificial photosynthetic
systems have been made, and some of them produced successful energy conversion
systems.

Since it is difficult for an artificial devices to use with good efficiency visible and near-
infrared light, several research groups put effort into the synthesis of artificial reaction
centre pigments able to absorb longer wavelength light, trying to mimic natural active
structures. Many examples of reported assemblies are based on the use of chromophores
such as porphyrins', covalently linked to one or more electron acceptors, like fullerenes
or quinones, and secondary electron donors. Often, these frameworks are coupled with
well-performing antenna systems, that efficiently absorb visible light and, incorporated
to semiconductor layers, realize technological devices for fuels or photocurrent
production.

In the most common devices realized for this kind of applications, nanoporous titanium
dioxide” has been extensively used as semiconductor surface, deposited on a transparent
electrode, as exemplified in Figure 5.1. Then, several light harvesters, of mixed organic
and metallic nature, properly functionalized, have been anchored over such
semiconductor surface to realize, through direct contact, electron injection into its
conduction band. And a catalyst, like the most common platinum, promotes hydrogen
evolution and closes the circuit.

Till now, systems like these have exhibited lower efficiencies than those required for
practical applications, but anyway they show that solar fuel production, inspired by
natural photosynthesis, is indeed achievable, prompting the investigation in this
direction. In fact, further studies could offer the occasion to introduce better and better
systems, by designing new ones and/or engineering those already known, to finally push
their big scale applications out from laboratories.’

In this chapter, a successful example of “natur-artificial technology” is introduced.* It is
realized through integration of the photochemically active and stable photosystem I
(PSI), coupled to its associated light-harvesting antenna (LHCI), as natural component,
immobilized onto low-cost semiconductor surfaces, and offers an attractive approach to
achieve hydrogen evolution with moderate efficiency.
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Figure 5.1. Schematic diagrams of a photoelectrochemical biofuel cell (a) and an artificial
photosynthetic water splitting cell (b). Both cells use light to generate hydrogen. (From Ref. 3)

5.1. Introduction

Artificial photosynthesis is generally referred to molecular based biomimetic systems
that achieve efficient harvesting of sunlight and conversion into chemical energy by
reproduction of the fundamental processes occurring in nature. The natural mechanisms
are conducted by two large multimeric protein-cofactor complexes, denoted as
Photosystem 1 (PSI) and Photosystem II (PSII) and coupled to their light-harvesting
complexes (LHCI and LHCII, respectively). These macromolecules have as main
component the reaction centre (RC) domain, containing apart from all the electron
transport cofactors, a chlorophyll (Chla) dimer, called P700 in PSI and P680 in PSII, as
unique final energy collector of the entire absorbed light.’
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Figure 5.2. The transfer of electrons and protons in the thylakoid membrane is carried out
vectorially by four protein complexes (From Ref. L. Taiz; E. Zeiger, Plant Physiology 2010, 5th
Edition. The Benjamin Cummings Publishing Company, Redwood City — California)

These super-complexes, in living organisms like plants, algae and cyanobacteria,
participate to the main photosynthetic steps. They are responsible indeed for light-
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harvesting, charge separation and charge transfer processes and accomplish their
function with high efficiency, despite their high structural complexity.’

Thus, taking into account their surprising performances and their unique light-
harvesting and redox properties, together with their natural abundance, PSI and PSII can
be considered as promising candidates for nanoscale design of bio-hybrid devices for
solar energy conversion.

The fully integrated, stable and functional PSI-based bio-hybrid DSSC described in this
chapter, displays improved solar-to-electric quantum efficiency of more than two-folds,
compared to that previously reported by Mershin et al.” He has shown a good
application of stabilized cyanobacterial native or modified PSI complex as photoanodic
component of a bio-hybrid TiO,-based DSSC, with Co(II)/(I1Il)-tris-bipyridine as the
electrolyte/electron transfer mediator and a Pt cathode.’

Anyway, for both devices, the photocurrent production lays under the values required
for a practical applicability. Thus, the real improvement that our system produces in the
technological context is not in terms of application as DSSC but for
photoelectrochemical H, production. Actually, it can sustain H, evolution with good
performances (maximal rate of photodriven H, production = 744 umoles H, mg
Chl"'h™"), upon illumination with red visible light, offering a promising, stable and
perfectly green bio-hybrid system for solar-to-fuel conversion.

The employed PSI-LHCI has been extracted from the extremophilic red microalga
Cyanidioschyzon merolae, unicellular organism considered as one of the most primitive
existing, even older than green algae, cyanobacteria and plants. The choice of such
specific system is related, first of all, to its ability to survive to extremely hard
environmental conditions, such as high acidity and temperature, suitable for its main
application in solar conversion. Moreover, since it can be considered as a sort of
forerunner for more advanced systems, it represents an informative model to achieve
indications about the basic structure of PSI light-harvesting complexes and their
evolution.®

This PSI-LHCI extracted from the thylakoid membranes of the C. merolae, upon
purification and functionalization treatments, has been tested and integrated into two
distinct semiconductors, a-Fe,Os (hematite) and TiO,. The description below contains
some information about fabrication and electrical characterization for the PSI-based
device, realized by the groups of Kargul and Ocakoglu.

The main part of the discussion will be focused on the photophysical analysis of the PSI
bio-hybrid photoanodic units, performed to ascertain if the sensitizer has retained its
properties also upon all purification and immobilization treatments. Such analysis has
been conducted by means of steady state and time resolved fluorescence spectroscopy,
with particular attention toward the photoinduced energy transfer processes, as central
topic of the entire thesis.
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5.2. Results and discussion

5.2.1. Nanostructuring of the PSI-LHCI-sensitized
semiconductor substrates for the fabrication of a device
sustaining both photocurrent production and H, evolution

5.2.1.1. Construction of the PSI-based photoanode

The fabrication of an efficient bio-hybrid PSI-based DSSC has been accomplished
integrating redox compatible components, among which good communication occurs by
means of fast and directional electron transfer events. The components arrangement
follows the typical sandwich-type mode as reported for Gritzel’s DSSCs (see Fig. 5.3):
oriented PSI-LHCI multimeric assemblies are physisorbed and covalently cross-linked
on nanostructured semiconducting substrate forming a multilayer structure (see Fig. 5.4
and 5.5); the electric circuit is closed by an electrolyte solution (3I/I5” couple, obtained
from an acetonitrile solution of 0.5 M lithium iodide and 0.05 M iodine) and platinized
FTO glass. In such device, the PSI plays the role of photosensitizer, extending light
absorption of the photoanodic unit into the red region of the visible spectrum; moreover
it has to carry out the charge separation, too.
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Figure 5.3. Schematic representation of fabricated solar cell with PSI-Semiconductor-FTO as
photoanode.

Culturing of C. merolae, isolation from thylakoids and purification of crude PSI-LHCI
were performed according to Krupnik et al. and the relevant treatments are reported in
references’* and schematically depicted in Fig. 5.5. The obtained PSI-LHCI multilayers
structure (almost 15 layers) displays the typical thickness found in the membranes of
cyanobacteria (around 10.6 nm), where natural photosynthesis takes place.'

Two semiconductor substrates, TiO, and a-Fe,Os;, have been employed for the
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photoanode fabrication. The selection of such components is due to their well-known
favourable properties of photocatalytic activity, suitable energy bands, stability, carrier
transport, non-toxicity, widespread availability and low-cost.

In order to maximize the contact with the sensitizer, the semiconductive photoanodic
layers have been deposited in form of mesoporous structure, thus with increased area
available for PSI to adhere. By means of field-emission scanning electron microscopy
(FE-SEM), a perfectly uniform film-like distribution of a-Fe,Os nanocrystals has been
observed, grown over the fluorine-doped tin oxide (FTO) glass plate (see Fig. 5.4).
Once prepared the semiconductive glass, by manipulating both its surface charge and
that of PSI-LHCI, the desired controlled orientation of the complex on the surface has
been achieved (see Fig. 5.5).

For this purpose, it was essential to be aware of the type of dependence on pH displayed
by the charge distribution along the surface of the protein-complex. In fact, proper
treatments with pH buffers of both PSI and semiconductor surface allowed the most
convenient reciprocal arrangement, based on the specific orientation on the first layer
with the side of PSI containing P700 RC unit, towards the functionalized semiconductor
surface.''

e N
PSI - 1* layer
82.31 nm

Figure 5.4. Electron microscopy imaging of PSI-based semiconductor photoanodes. Top view
FE-SEM images of (A) PSI-TiO,-AAO membranes, (B) PSI-TiO,-FTO electrodes, (C) PSI-a-
Fe;03;-440 membranes and (D) PSI-a-Fe,0;3-FTO electrodes. Cross-sectional FE-SEM images
of (E) PSI-a-Fe;03-AA0 membrane and (F) PSI-a-Fe,0;-FTO electrode, from bottom to up a-
Fe;0; and PSI-LHCI multilayer (physisorbed first layer and chemically cross-linked second
layer) (From Ref. 4)

This represents the best disposition because in PSI-LHCI, the absorbed photons
promote the transition of electrons from the ground state of P700 to its highly reducing
excited state P700°, then responsible for the excited electron injection into the
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conduction band of the semiconductor and from there, into the Fermi level of the FTO
layer. Thus, a wrong orientation of PSI may give rise to charge recombination and short-
circuiting phenomena, producing huge energy losses and decrease on the conversion
efficiency of the device. That is the reason why the mutual arrangement of the main
components is a central issue, so important that a deeper investigation has been
necessary to establish exactly the charges localization along the complex. The
calculation of surface charge maps for PSI RC domains shows significant changes in the
surface charge distribution on going from pH 4 to 7, as reported in Fig. 5.6, revealing
that both the pH values produce suitable conditions for immobilization. "

To better understand how these pH conditions can be employed, it is necessary to
clarify which are the main portions of PSI to be considered from a functional point of
view: the Chls dimer P700 side, with the role of final collector of absorbed photons and
of injector of the excited electrons, and the [4Fe-4S] cluster Fgregion, working as final
acceptor unit during the step of charge separation and formation of the ionic couple
P700°Fy . Both sides are really affected by pH variations, resulting in different global
polarization for the RC domain. In fact, at pH 7, the P700 side, predominantly
negatively charged, and the acceptor side nearly neutral, create a lower neat charge
(average charge difference around 0.58V) for the domain than that obtained at pH 4,
when indeed the positively charged Fp side in combination with the less negative P700
side increase the neat charge difference in the super-complex (average charge difference
around 0.67V).
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Figure 5.5. Schematic diagram for fabrication of PSI-a-Fe,03-FTO electrode. (From Ref. 4)

Based on these features, PSI can be employed at both these pH conditions but costituing
layers with distinct functions. In particular, PSI at pH 7.4 is used in the final photoanode
to form the first layer over the semiconductor, with P700 side in direct contact with it,
instead the complex at pH 4 is employed in the covalently bound layer, with the
reducing side directed to the electrode surface.

In fact, even if for PSI at pH 4, the reducing side has a slightly positive charge before
irradiation and as a consequence it should repulse the positive semiconductor, upon
illumination of the photoanode, such arrangement realizes an optimal condition for the
electron cascade to occur, favouring the flow towards the positive attractive charge of
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the reducing side and thus towards the semiconductor. Indeed, the system can take
advantage of the negative charge around P700 that, once excited, more spontaneously
will release its photoelectrons towards the reducing side, that accepts them favoured by
its positive charge.

A Acceptor side

B Positively charged patch
in subunit PsaF

Donor side

Figure 5.6. Surface charge distribution maps for Synechococcus elongatus PSI at (A) pH 7 and
(B) pH 4. Residues rendered in blue carries positive charge whereas those depicted as red
carries negative charge. Calculation were performed with the values of dielectric constant of
solvent € = 80 and protein € = 4. lonic strength was 0.1 mol/l. PsaF subunit is circled in (A),
and its positively charged patch is indicated with an arrow amidst largely negatively charged
surface of the donor side at pH 7. The average surface charge of the donor side was qyu7= -
0.537 V and qpu4=-0.145 V, whereas for the acceptor side the average charge was estimated at
Qpr7 =10.046 V and qpu4 = +0.534 V, respectively. (From Ref. 4)

At pH 7.4, the spontaneous arrangement of PSI is driven by the strong coulombian
interaction between the more negative donor side containing the P700 unit and the
positively charged electrode (see Fig. 5.6), resulting in an efficient physical adsorption
that favours the funneling of excited electrons.

The exact procedure used for the overall immobilization process combines indeed the
properties of PSI in both the pH conditions.

It starts with the treatment of hematite film over the FTO glass with phosphate buffer at
pH 7.4, in order to produce a net positively charged surface. The polarized PSI with the
negatively charged P700 side is prepared through dissolution of PSI in phosphate buffer
at pH 7.4, too and after, deposited over the positive hematite through physical
adsorption.
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The following phase is centred on the covalent cross-coupling PSI-hematite. To
accomplish this linkage, the hematite film was covered by an agarose solution, useful to
functionalise the surface with free hydroxyl groups.'? They are involved in the
following electrode activation with the 1,1'-carbonyl-di-imidazole (CDI), through
formation of the reactive imidazole carbamate intermediate,'* species responsible, after
treatment with acetate buffer, for the covalent bond of PSI (at pH 4) to the surface.

PSI immobilized according to both the procedures over the hematite surface can sustain
a very long-term activity confirmed at least for 90 days.

This procedure is effective for hematite-based photoanode but not when TiO; is used. In
fact, the step of physical adsorption on TiO, has been disfavoured by the negative
charge induced on its surface by the pre-treatment and this is one of the reasons of the
worst performances for such photoanode.

5.2.1.2. I-V characterization and investigation of photochemical activity

The solar cell built with the PSI-based photoanodic unit gave good performances if
compared to similar systems like those reported by Mershin et al.” In particular, it has
displayed current densities of up to 56.9 pA/cm” and solar energy conversion efficiency
higher than the 0.17% under standard air-mass 1.5 (AM 1.5) sunlight (see Table 5.1).
The only parameter that has not shown improvement, nor with TiO; nor with hematite
as semiconductor, compared to the device of Mershin et al. composed of ZnO/PSI
anode,” was the open circuit voltage, V... The cause has to be ascribed to both
electrolyte system and semiconductors, because in DSSCs the photovoltage indeed
depends on the difference between the quasi Fermi level of the semiconductor and the
redox potential of the electrolyte.
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TiO,
Figure 5.7. Energy band diagrams of fabricated solar cells.

If the change of the semiconductive layer has not affected the V. (kept constant, around
321 mV), the use of PSI-LHCI/a-Fe,O3/FTO photoanode increased 60-fold the anodic
photocurrent (I;= 56.9 pA) compared to the corresponding PSI-LHCI/TiO»/FTO
electrode (Ic= 0.94 pA), thanks to the best energetic matching of the conduction band
of hematite (2.1 eV) with P700* excited state (1.8 eV) (see Fig. 5.7)."
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This factor makes thermodynamically favoured the electron injection from the sensitizer
into the conduction band of hematite and increases therefore both photocurrent and solar
energy conversion efficiency.'*

Differently, despite the long story in photocatalysis and solar energy conversion of
Ti0O,, it displays low performances when combined with PSI because of its wide band
gap (3.2 eV for the anatase form).

Apart from the PSI-a-Fe;03-FTO and PSI-TiO,-FTO photoanodes, also other
electrodes with different conductive layers have been investigated, such as PSI-o-
Fe;03-AA0O and PSI-TiO,-AAO with anodic aluminium oxide (AAQ) deposited on the
glass. Also in these cases, PSI-LHCI has been imobilized by electrostatic interaction
and bonds with the functionalized surface, exactly with the same procedure adopted
over the FTO film. However, the cells fabricated on FTO displayed the highest
conversion efficiency (over 170-fold) (Table 5.1). In particular, the devices PSI-o-
Fe;03-AA0 and PSI-TiO,-AAO suffer from 4-fold reduced open circuit voltage, due to
the fast charge recombination dynamics within the AAO membrane. Furthermore, their
low photovoltaic performances can also be attributed to adhesion problems of the
semiconductor on the AAO/glass substrate,'” that has porous surface where a-Fe,O3 and
TiO, grew as nanocystals rather than uniform film, as over FTO, reducing the available
adhesion area for PSI (see Fig. 5.4).

The purified PSI-LHCI complex showed photochemical activity of 940 + 130 pmoles
O,/mg Chl/h and 710 + 40 O,/mg Chl/h at pH 8 and 4 respectively, as measured by the
O, consumption assay (see Table 5.2) (oxygen consumption activity was calculated
from the initial rates of oxygen evolution curves).

PSI-LHCI, when physisorbed or chemically cross-linked on hematite surface at pH 4,
displays the same activity as in solution (see Table 5.2), and this is an indication of the
effectiveness of PSI-LHCI and of its overall purification and immobilization treatments.
Surprisingly, the photochemical performance of PSI-LHCI cross-linked to the hematite
surface at pH 4 doubled, probably because of the most favourable arrangement of the
super-complex, with donor-to-acceptor head-tail orientation of the consecutive PSI
monolayers.

5.2.1.3. Sustained photo-electrochemical H; production using PSI-LHCI-
functionalised hematite/FTO photoanode

The principle features candidating PSI as good system for protons to H, reduction are
the millisecond range for the lifetime of its charge-separated state P700 'Fg~ (around 60
ms), the low redox potential of its distal Fp cluster'® and the double ability to act both as
electrons acceptor (P700") and donor (Fg ). The former is important because longer
lifetime for a species makes it longer available for any kind of process, allowing in the
case here discussed the transfer of captured electrons to the catalyst. The second instead
provides the necessary driving force for reduction of 2H" to H, (and thus H,
generation). All in all, the latter allows the use of PSI for generation of both anodic and
cathodic photocurrents.'’

The possible applicability of PSI in devices for H, evolution has been inferred from
such properties and then confirmed by means of precise analyses.
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Hydrogen evolution together with photocurrent production have been achieved through
the coupling of the PSI-LHCI hematite based photoanode (working electrode) to a Pt
coil (counterelectrode), both immersed in phosphate buffer at pH 7.4, and upon
application of a proper bias potential'® (0.5 V vs random Ag wire as reference electrode)
between them and proper irradiation. Taking into accout the own photocatalytic activity
of hematite, a selective excitation of PSI has been performed, applying a cut-off filter
blocking the light below 590 nm, in order to excite the system at a wavelength of almost
complete trasparency for hematite. This condition allows the production of H, to be
completely ascribable to PSI. To quantify the residual contribution of the
semiconductor, both current and hydrogen evolution curves have been registered,
besides for the electrode under analysis, for the control (a-Fe,O3/FTO), too. The results
of these measurements are shown in Fig. 5.8, in combination with the corresponding
analyses conducted in the dark for both control and specimen anodes. At this condition,
almost no current and hydrogen are produced (full lines in Fig. 5.8), while upon
illumination with light above 590 nm, an anodic photocurrent of ~ 4.2 x 10° A/cm® was
observed for the PSI-LHCI/hematite/FTO electrode, and of 2 x 10° A/cm?® for the
control electrode, due to the residual photocatalytic activity of hematite (squared lines in
Fig. 5.8).
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Figure 5.8. Generation of photocurrent and hydrogen evolution using PSI-LHCI-functionalised
hematite photoanode. A BIAS potential of 0.5 V vs. random Ag electrode is applied. A cut-off
filter of >590 nm is used. The sample is irradiated from ~2800 seconds onwards. Current and
hydrogen evolution curves from a control (hematite/FTO) and PSI-LHCI/hematite/FTO
photoanodes are shown in grey and black, respectively. (From Ref. 4)

In any cases, the anodic photocurrent generation has not shown considerable results.
And the best performance has been reached in terms of photo-electrochemical H;
production. The amount of produced H, was around 744 pmoles H,/mg Chl/h,
representing the highest value obtained for PSI-based solar-to-fuel nanodevices and
distinctly attributable to the PSI action, since only traces of hydrogen have been
detected in absence of the super-complex. To measure H, production, the headspace of
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the vessel was continuously pumped through the GC column. Further information about
the technique adopted to accomplish these results, together with the I-V measurements
and photochemical activity investigation, is reported in reference.’

5.2.2. Photophysical investigation

The central discussion of this chapter is related to the photophysical investigation of
PSI-hematite based electrodes. Such study has been performed in order to have a further
proof, besides that related to the O, consumption reported above, about the retention of
the functionalities of PSI-LHCI super-complex after all the treatments it undergoes
before and during the immobilization on the semiconductor surface.

The point of view of this specific discussion is related to the twisted energy transfer
events occurring in the macromolecule upon illumination.

The pigments of PSI-LHCI super-complex act cooperatively as antennas, collecting
photons from the sunlight. The absorbed energy is then transferred amongst the same
chromophores and finally to the P700 chlorophyll dimer in the reaction centre, working
as primary photochemical trap. Here, the funnelled energy is converted into chemical
oxidizing and reducing power that carries out the photosynthesis with evolution of
molecular oxygen. In nature, energy transfer to the principle photoreceptor occurs with
quantum efficiency that approaches unit.

Testing what happens when PSI is immobilized on the semiconductor can give
information about the stability of the super-complex and about the effectiveness of the
performed treatments of integration into the device. To this purpose, a deep
understanding of absorption and emission properties, with particular attention on the
fluorescence lifetime analysis, is essential. In fact, a better knowledge of the basic
energy transfer events, as primary steps of the photosynthesis, can clarify organization
and function of photosynthetic apparatus.

5.2.2.1. Absorption

PSI-LHCI super-complex contains two physically separate and distinguishable moieties
in its structure: a) a core complex which in addition to the special reaction centre
chlorophyll (Chl) pair, P700, and to the primary electron acceptors, also binds about 90
antenna Chl molecules, and b) the peripheral antenna complex (LHCI), binding more
than 100 Chl molecules. Chlorophylls are embedded in the proteins mainly through
chemical bond with their amino acid residues (for instance, coordination bonding
between an imidazolyl nitrogen atom of His and a central Mg)"”.

The overall pigments in the macromolecule display a strong absorption in the blue and
red region of the spectrum, extended over 700 nm (see Fig. 5.9), and hundreds of
chlorophylls and [-carotene molecules are the main absorbers. In particular, the
absorption in the region between 450 and 550 nm predominantly originates from [-
carotenes, while the chlorophylls cover the big portion of remaining spectral range, with
absorption extended from the blue to the red region of the visible spectrum, with highest
values of the molar absorptivity at A; = 438 nm and A, = 679 nm.
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The chlorophyll molecules are the dominating species in the super-complex absorption
profile. They are based on a chlorin ring, containing four pyrrole units with different
substituents in the PB-positions and an additional 5-membered ring. Such framework
coordinates one Mg®" ion through the nitrogen atoms of its core.

The keto group on the 5-membered ring is responsible for the large extinction
coefficients in visible and near-infrared regions.

The UV-Vis absorption spectrum of the C. merolae PSI-LHCI in solution (3 pg Chl in a
buffer composed of 40 mM HEPES, pH 8, 3 mM CaCl2, 25% glycerol and 0.03%
DDM) is shown in Fig. 5.9 together with that of a-Fe,O3/FTO slide.

= LHC-PSI in solution
—a-Fe,0,/FTO
0,15 - '

0,10

Normalized Absorbance

0,05 4

T - T L T ¥ T 1
400 500 600 700 800
Wavelength (nm)

Figure 5.9. RT UV-VIS absorption spectroscopy of a-Fe2O3/FTO and C. merolae PSI-LHCI
in solution. For spectroscopy, purified C. merolae PSI-LHCI complex (3 pug Chl) was
resuspended in a buffer composed of 40 mM HEPES, pH 8, 3 mM CacCl2, 25% glycerol and
0.03% DDM. (From Ref. 4)

The super-complex spectrum can be interpreted in agreement with the Gouterman Four-
Orbital Model,*® adopted for porphyrins (see Chapter 4). According to it, the absorption
bands representing the fingerprint for porphyrin systems originate from two different
transitions between two HOMOs and two LUMOs near degenerate frontier orbitals.”'
The mixing of the non-degenerate corresponding two states induces a splitting in
energy, giving rise to a higher energy state with greater extinction coefficient,
associated to the Soret or B band, and a lower energy state with lower extinction
coefficient, that originates the Q band. Both B and Q bands, arise from transitions of
similar 7-m* nature® but display different relative intensities, with the Soret more
intense than the Q bands.

Possible metal centre and substituents on the ring of the chlorin frame, affect the
relative energies of these transitions, altering the absorption profile. In fact, in
chlorophylls, due to the symmetry lowering, the absorption spectrum appears more
featured, with additional bands as result of the degeneracy removal. In particular, the
effect is the doubling of Q and B transitions in the Q,/Qy and B,/By bands, respectively.
In Chls the overall Q and B bands, differently from porphyrins, display similar
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extinction coefficients.?'®

Then, the intensities of Qy and Qy bands are not equal and Qx,
laying at shorter wavelengths, is much weaker than Q,. The B band does not appear in
its split form because of an accidental degeneracy. The Q, absorption band peaking at
680 nm arises from an overlap of a series of Chl spectral forms, such as those of the
reaction centre, those contained in the LHCI belt, and a species of slightly different Chl
contained in LHCI and characterized by few nanometres of shift for maximum
absorption peaks.

Apart from the main distinguishable features, the absorption profile of multicomponent
systems like PSI-LHCI, are not always of straightforward interpretation. Thus, recently
further theoretical analyses have been reported to attribute carefully the exact nature of
absorption bands.”® According to the results of such calculations, the tail over 700 nm
can be safely ascribed to the P700 Chl dimers.**

Fig. 5.9, besides absorption shape of PSI, shows also hematite absorption spectrum (red
line), with its broad and not structured profile. It can be described by the presence of
three main types of transitions embedded in the broad curve: spin-forbidden d—d ligand
field transitions band, centred in the metal (t,;—e€,), at low energy, partially allowed
transition with mixed LMCT and d-d nature, at intermediate energy, and allowed
ligand-to-metal charge transfer (LMCT) transitions (oxo-to-Fe charge transfer
transitions) at short wavelengths.*

Thus, also the semiconductive layer is able of light absorption and this has represented a
problem in performing the measurements discussed above. In fact, due to its absorption
ability, it can affect the amount of H, evolved by PSI-hematite photoanode, making
difficult to quantify exactly the performances produced just by PSI units. This problem
has been overcome or at least minimized, through selective excitation of the super-
complex, by fixing the wavelength at 590 nm, where hematite contribution is negligible.

5.2.2.2. Emission

Steady state fluorescence spectra have been recorded at room temperature for a buffer
solution (PBS at pH 7.4) of PSI-LHCI, as model, for the electrode containing only
hematite on FTO glass, as mere control, and for three different PSI-containing
electrodes as specimens (see Fig. 5.10). Two of these photoanode prototypes are
composed of the complete pattern of PSI in the physisorbed and covalently cross-linked
multilayer fashion on FTO and AAO surfaces respectively, while the third contains PSI
just physisorbed on hematite-FTO glass.

From steady state analysis (Fig. 5.10), a 6-12 nm blue shift of the emission peaks has
been observed on passing from the solution to the immobilized system (Amax = 689 nm
and 683-676 nm, respectively) (Table 5.3) probably as effect of the rigidity, responsible
for the changes in Chl-protein interactions.

A similar phenomenon has been observed for C-phycocyanin upon its covalent cross-
linking with hematite.'”

At room temperature, the observed fluorescence peaking at about 690 nm is ascribable
to bulk chlorophyll units for all the specimens, and in particular to their low-lying
excited level S, efficiently populated upon rapid internal conversion from the singlet
excited states at higher energies.

The shoulder at about 645 nm, particularly intense in the specimen A, seems to originate
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from residual contamination of PSI-linked phycobilisome sub-complex, and in
particular from the phycocyanin residues present in its rods, probably not completely
removed during the red-alga purification.*

From Fig. 5.11 it is possible to observe that the fluorescence spectra show very small
Stokes’ shifts (ca. 10 nm) and good mirror symmetry with the lowest energy absorption
Q bands.

In contrast with the high fluorescence quantum yield exhibited by pure solution of Chl
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Figure 5.10. Normalized emission spec-t-rél at rooin‘terhperature of PSI-LHCI in PBS 7.4

solution (black), A physically adsorbed on Fe,Oi;/FTO (red), Al covalently bound to
Fe,O5/FTO (green), and B covalently bound to Fe,O3/AAO (blue); A, = 600 nm.

(the value reported in literature for ether solution is around 0.3) its emission when
embedded in photosynthetic apparatuses as PSI decreases dramatically. The overall
mechanism responsible for such quenching has been under debate for long time and
many interpretations have been produced, comprising several competition pathways. >’
Photochemical reactions, charge recombination phenomena, thermal deactivation and
photo-induced energy transfer events to non-fluorescent pigments or to the reaction
centre dimer have been supposed to participate to the global deactivation process.

In particular, here the discussion will be focused on the energy transfer pathways. In
fact, for example, due to the relative stability of the oxidized state of P700, its return to
the ground state by simple charge recombination seems to be disfavoured. Actually,
after the initial photo-induced electron transfer responsible for the production of P700"
species, a series of stabilizing, rapid, secondary charge-transfer events occur preventing
undesirable charge-recombination reactions by spatially separating holes and electrons.
Moreover, the fact that part of absorbed energy is dissipated as heat in the P700 side
increases the role of energy trap for the dimer, making the process almost completely
irreversible.

As a matter of fact, the energy transfer to the P700 dimer is the main responsible for the
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fluorescence quenching. Back energy transfer from reaction centres to the antennae
could be possible too but, according to Butler's original model for PSI deactivation, the
rate constant of energy transfer towards the RC is much higher than the one of the

see 28,2
reverse competitive process.”” !

5.2.2.3. Energy transfer and Time resolved fluorescence analysis

The combination of absorption from the pigments of LHCI with that from the
chromophores contained in the RC permits to reach optimal performances in terms of
rate for the process and to capture light from a larger spectral range than that covered by
the reaction centre alone.

Most antenna systems contain an intrinsic arrangement based on the displacement of
lower wavelength absorbing pigments at the most distal sections, in communication
with the longer wavelength absorbing chromophores, closer to reaction centre. Such
organization, through energy losses as heat during the energy transfer from excited-state
donor pigments to ground-state acceptor pigments, provides a degree of irreversibility to
the overall process, promoting effective collection of excitation energy by the red
absorber P700 dimer, as unique final collector.

The singlet-singlet energy transfer events occurring mainly between chlorophyll units
can be safely described by the Forster model (see Chapter 1).

Forster theory is based on the assumption that donor and acceptor are weakly coupled
and their transition dipoles interact through coulombic interaction. The mutual
orientation between the pigments can affect the energy transfer process, and its rate
constant is indeed proportional to the interchromophoric distance to the inverse sixth
power and to the spectral overlap between absorption spectrum of the acceptor and
fluorescence spectrum of the donor. Thus, a couple of pigments, to undergo highly
efficient energy transfer process, has to display high values of luminescence quantum
yield for the isolated donor, high values of molar absorptivity for the acceptor and good
spectral overlap of donor emission and acceptor absorption.

The structural complexity of the PSI-LHCI super-complex results in an increased
kinetic heterogeneity and big variability in lifetimes thus it requires time resolved
investigations.

Time resolved measurements of the model PSI-LHCI super-complex in solution and
immobilized on FTO or AAO surfaces have been recorded at room temperature with
excitation at 637 nm. The obtained results are shown in Figure 5.12 and 5.13 as
fluorescence lifetime maps, in which the emissions registered at different wavelengths
are reported as function of the time and reveal a clear elongation of emission lifetimes
for the immobilized PSI with respect to that in solution.

Every kinetic trace obtained from such measurements has been adequately fitted
through three or four exponential lifetime components. The resulted values of lifetime
(36-38 ps, 200-240 ps, 620-640 ps and 1.47-1.63 ns) are reported in Table 5.3 together
with the corresponding global y° parameters, while the decays obtained at emission
wavelength Aem = 637 nm are shown in Figure 5.14 and 5.15 with the corresponding
fitting. Moreover, the time resolved fluorescence decay associated spectra (FDAS)
resulting from all these data, are displayed in Figure 5.16 and 5.17. They show similar
overall behaviour with just slight differences in the shapes. In particular, for the
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photoanode with PSI just physically adsorbed on the hematite surface, FDAS associated
to the shorter major component displays, as for PSI in PBS solution, a more broadened
band with respect to those with cross-linking, that instead are narrower over both FTO
and AAO. Such difference accounts for different effects on the emitting structure
induced by the different (physical and chemical) kinds of immobilization.

1.0 —— PSI-LHCI (abs)
—— PSI-LHCI (emi)

Intensity (a.u.)

0.0 T T T T T T T 1
500 600 700 800 900

Wavelength (nm)

Figure 5.11. Normalised absorption (Q bands region) and emission spectra at room
temperature of PSI-LHCI in PBS 7.4 solution (A., = 600 nm).

The procedure adopted to obtain these FDAS required two main steps, such as: first of
all, the convolution of the fluorescence decay with the measured instrumental response
function (fwhm = 230 ps) and after, the fitting of convoluted decays to a sum of
exponentials by global fitting analysis. The corresponding spectral profiles result by
plotting the amplitudes of the individual kinetic components as function of the
wavelength. Among the calculated lifetime values (see Table 5.3), the dominating
shorter component is associated to photochemical trapping processes occurring in the
PSI reaction centre, through energy transfer from its chromophoric units to the main
quencher P700.

The fluorescence decay with lifetime around 200 ps is likely to be ascribed to the
peripheral antenna systems of LHCI, quenched by the PSI core, energetically coupled to
it. This phase seems to be absent in the samples prepared on the Fe;03/AOO membrane.
The observed component with lifetimes around 500-600 ps indicates the presence of
slowed energy transfer processes between the peripheral antennas in the LHCI and the
PSI core.

This might come from a distortion of the protein structure upon immobilization on the
hematite surface that can increase the distance between the pigments without affecting
the overall functionality of PSI. Less then 5% of the fluorescence decay is related to
processes occurring in the nanosecond time range that might be associated to uncoupled
or free chlorophylls. The presence of such molecules is due to the fact that, during
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device fabrication, self-assembled monolayers of photosynthetic complexes must
survive both washing steps, to remove surplus of non-specifically bound materials, and
drying steps, to prepare the substrate for deposition of the protective coating. Moreover,
the complexity and size of PSI makes it especially sensitive to degradation and
dissociation. Time resolved fluorescence analysis of the PSI-LHCI super-complex in
solution and upon its immobilization on the hematite/FTO photoanode additionally
confirmed intactness of PSI-LHCI, albeit the fastest ps decay component 2.5-fold
slower for the immobilised PSI-LHCI super-complex, whose reason is currently
unknown.
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Figure 5.12. Fluorescence decay maps at room temperature of PSI-LHCI in PBS pH 7.4
solution (top) and covalently bound to Fe,O3/AAQO (bottom); A, = 637 nm.
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Figure 5.13. Fluorescence decay maps at room temperature of PSI-LHCI covalently

bound to Fe,O3/FTO (top) and physically adsorbed on Fe,O3/FTO (bottom); A.. = 637
nm.
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Figure 5.14. Fluorescence decays at 685 nm at room temperature of PSI-LHCI in PBS
pH 7.4 solution (top) and covalently bound to Fe;O3/AAO (bottom); Aex = 637 nm.
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Figure 5.15. Fluorescence decays at 685 nm at room temperature of PSI-LHCI
covalently bound to Fe,Os/FTO (top) and physically adsorbed on Fe,Os/FTO (bottom);
Aex = 637 nm.
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Figure 5.16. Fluorescence decay associated spectra (FDAS) at room temperature of
PSI-LHCI in PBS pH 7.4 solution (top) and covalently bound to Fe,O3/AAQO (bottom);
Aex = 637 nm.
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Table 5.1. Photovoltaic properties of fabricated solar cells.

Solar cell L, nA Vo, mV FF n, %
PSI/TiO,/FTO 0.94 260 0.60 0.026
PSI/Fe,03/FTO™ 56.9 321 0.56 0.170
PSI/Fe;03/FTO™ 18.7 295 0.38 0.021
PSI/TiO//AAO 2.50 86 0.27 0.001
PSI/Fe;0:/AAOQ 55.1 78 0.22 0.016

* PSI immobilizationat pH 4;° PSI immobilizationat pH 7.4.

Table 5.2. Photo-electrochemical activity of C. merolae LHC-PSI in solid state and in
vitro systems.

Physisorbe . PSI in PSI in PSI in
Cross-linked ] ] .
d PSI/ PSI/ hematite solution solution solution
hematite pH 8 pH 4 pH 4
Activity, 000.9 + 844
pmoles 873.2+ 103 942 £ 127 707.8+36 630+3.6
0,/mg Chl/h 1923.6+ 560

PSI immobilization at pH 7.4;° PSI immobilizationat pH 4; ¢ PSI was incubated at pH
4.0 then transferred to pH 8.0 to estimate the recovery of photocatalytical activity. The
activity was measured after 90 days after preparation of electrodes.

Table 5.3. Lifetime components from the global analysis of C. merolae PSI-LHCI
fluorescence decays.

Amax, NM Ty, PS T2, PS T3, pS T4, PS Glo‘?al
X
PSI in PBS 689 16+2 - 400+£30 1470+10 0.9910
Fe,03/FTO™ 683 36+3  200+90 620+30 1630+50 1.0064
Fe,03/FTO™ 681 38+4  240+20 640+30 1470+20 1.0206
Fe,03/AAQ™ 676 92+2 - 520+30 1400+10 1.0116

* Physically adsorbed; ° Covalently bound. A, = 637 nm.
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5.3. Conclusions

The photoanodes produced through physical and/or chemical immobilization over TiO,
or Fe;O; semiconductor surface of PSI-LHCI super-complex, extracted from the
extremophilic red microalga Cyanidioschyzon merolae, have been analyzed by means of
several techniques in order to establish their electrical performances and H, evolution
ability, and by FE-SEM and X-ray analysis, to clarify their structural features.
Morphological analysis revealed that immobilized PSI-LHCI appears in a well-
structured 165 nm multilayers arrangement, organized over the semiconductor as
vertically oriented and highly ordered nanocrystalline nanotube arrays.

The electronic coupling between the red algal PSI-LHCI and the hematite film, has
produced a bio-hybrid DSSC displaying a 2-fold improved solar-to-electric quantum
efficiency compared to corresponding already reported device’ but currently below the
practical use.

Despite the modest electric performance, a quite good result has been obtained in terms
of photoelectrochemical H, production. Upon illumination with visible light above 590
nm and application of a BIAS potential between the PSI-LHCI/hematite photoanode
and a platinum counter electrode, the highest molecular hydrogen evolution rate (744
umoles H»/mg Chl/h) amongst the PSI-based solar-to-fuel nanodevices is registered.
Such record can be attributed to the smart engineering of the device. In fact, the large
nanostructured photoactive surface area, the extended absorption of light into the red
region of the visible spectrum and the stabilized charge separation within the hematite
layer have been the key features of the successful results.

Another point of strength for this PSI-hematite based photoanodes has been confirmed
by steady state and time resolved spectroscopy. Such techniques have demonstrated
perfect retention of the photochemical properties in the macromolecule, accounting for
its complete stability to the overall procedures of purification and integration into the
semiconductor layer.

This positive behaviour has been observed for both physiadsorbed and/or covalently
cross-linked PSI-LHCI on the semiconductor surface.

Time resolved experiments helped in the interpretation of steady state fluorescence
emissions, revealing from fluorescence decay analysis the presence of three/four
chlorophyll components, contributing to the global luminescence. Among them the
lifetime values of 36-38 ps, 200-240 ps, 620-640 ps, for the shorter-lived Chls,
compared to the minor component attributed to free or unbound Chls of 1.47-1.63 ns,
inform that chlorophylls responsible for the emission display various degrees of
quenching, maybe as function of the disposition among the layers. The shortest
component indeed is ascribable to the emission of Chls of the PSI core, resulting almost
completely quenched by fast energy transfer towards the P700 dimer. The lifetime
around 200 ps is probably related to the peripheral chromophores of the belt LHCI,
quenched through energetic coupling to the PSI core. The third relatively long-lived
species, identified by a lifetime around 500-600 ps, is supposedly located in the
peripheral antenna LHCI as the previous one, but its less efficiently quenched by the
energy transfer towards the PSI core, due to a distortion of the protein structure upon
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immobilization on the semiconductor surface, resulting in an increase of the distance
between donor and acceptor. The nanosecond component reveals the presence of
uncoupled or free chlorophylls but it participates just with a contribution to the global
fluorescence of 5%.

Thus, taking into account the low values of lifetimes for the overall species and the
resulting high efficiency of energy transfer (around 1 as in solution), it is safe to assume
that the discussed immobilization processes do not affect the overall functionality of
PSI-LHCI, allowing it to retain the good performances as antenna system, as shown in
nature.
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Chapter 6

6. Experimental Section

6.1. Absorption spectra

The experiments were carried out on solutions contained in quartz cuvettes (from 10
mm to 1 mm optical path) at room temperature. The absorption spectra were recorded
with a Perkin-Elmer Lambda 950 Uv/Vis/NIR making a double baseline (100% and 0%
of transmittance) or with Perkin-Elmer Lambda 650 spectrophotometer, making a single
baseline (100% of transmittance). The molar absorption coefficient values were
determined by applying the Lambert-Beer law; the experimental error is estimated to be
+ 10 % and the precision on the wavelengths values was = 1 nm.

6.2. Emission spectra

Steady-state photoluminescence spectra were measured in air-equilibrated and de-
aerated solutions at room temperature, using an Edinburgh FLS920 fluorimeter,
equipped with a Peltier- cooled R928 (200-850 nm) and supercooled R5509-72 (700-
1800 nm) Hamamatsu phototubes, with different excitation wavelengths for different
compounds. An Edinburgh Xe900 450W xenon arc lamp was used as excitation source.
All the spectra were corrected for the photomultiplier response, unless otherwise
specified, using a calibration curve supplied with the instrument. Luminescence
quantum yields (¢) at room temperature were evaluated by comparing wavelength
integrated intensities (I) of the corrected emission spectra with reference to
[Ru(bpy)s]CLy (¢: = 0.028 in air-equilibrated water)', [Os(ttpy)2]Cl> (¢ = 0.021 in de-
aerated butyronitrile)’, quinine sulphate (¢, = 0.53 in air-equilibrated sulphuric acid 0.1
N)l, coumarin 153 (¢, = 0.544 in air-equilibrated ethanol) 3 and 5,10,15,20-
Tetraphenylporphyrin (¢, = 0.11 in air-equilibrated toluene)* standards, by using the
following equation':
1 A, n?

¢ = ¢ L An?
where 4 and 4, are the absorbance values at the employed excitation wavelength, and n
and n, are the refractive indexes of the solvents, respectively for the investigated and the
reference compound. The concentration was adjusted to obtain absorbance values 4 <
0.1 at the excitation wavelength for room temperature measurements and 0.1 < 4 <0.2
for low temperature measurements and emission maps.
Band maxima and relative luminescence intensities are obtained with uncertainties of 2
nm and 10-20 %, respectively.
The experiments at room temperature in air-equilibrated condition made use of
solutions placed in quartz cuvettes (10 mm optical path), while for luminescence
analyses in air-free condition, solutions were prepared by fluxing argon for ca. 25
minutes in homemade cuvettes (10 mm optical path) that can be sealed.
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Luminescence measurements of CH;OH:CH,Cl, (1:1) or CH3;0H:C,HsOH (1:4) glassy
solutions at 77 K were performed by employing quartz capillary tubes immersed in
liquid nitrogen, and hosted within homemade quartz cold finger dewar.
Phosphorescence spectra at 77 K were acquired in gated detection mode using a pulsed
microsecond Xenon flash lamp uF920H with the Edinburgh FSP920 fluorimeter.
Solid-state photoluminescence quantum yield values were calculated on neat films of
the compounds (not controlled thickness) by corrected emission spectra recorded with
the Edinburgh FSP920 fluorimeter equipped with an integrating sphere, coated with
barium sulphate (diameter 10 cm) following published procedure.’

6.3. Luminescence lifetime measurements

Luminescence lifetimes were obtained using an IBH 5000F single-photon counting
(TCSPC) apparatus equipped with a TBX Picosecond Photon Detection Module
(Instrumental Response Function, IRF = 250 ps). Excitation of the samples was
performed by using various light sources, such as: SpectraLED (Aexe = 370 and 464 nm)
and NanoLED (A = 278, 373, 465 nm) pulsed excitation sources, with different
excitation wavelengths, and picosecond laser diode sources (A xc = 407 and 637 nm,
typical pulse width < 80 ps, intensity ca. 4 x 10" photons/pulse) operating at a repetition
rate of 1 MHz by the stabilized picosecond light pulser Hamamatsu PLP-02.

In some cases, in order to disantangle the contribution of different components to the
observed global luminescence and to attribute the relevant lifetime to the single species
we applied the global analysis to the individual kinetic traces recorded in time-resolved
luminescence experiments (TRES). The decay-associated spectra (DAS) obtained by
plotting the amplitudes of the individual kinetic components as function of the
wavelength represent the true spectra of the individual decay components. These are
identical to the spectra that would be obtained if the components were isolated and then
measured individually.

Decay associated spectra (DAS) were obtained by global analysis of the kinetic data by
using the global fitting module of the decay absorption spectra (DAS) 6.5 software
(HORIBA Jobin Yvon) on the basis of a multi-exponential model:

FO.0 = ) A Mexp (/1)

The goodness of the multi-component fitting was evaluated by the global y* parameter
and weighted residuals. The wavelength dependences of the amplitudes of the
individual kinetic components were plotted as decay associated spectra (FDAS).

6.4. Transient absorption

Transient absorption investigations were conducted trough nanosecond laser flash
photolysis experiments, performed with a system based on a Nd:YAG laser (Continuum
Surelite II, 5 ns pulse duration with an energy ranging from 1.9 to 3.1 mlJ/pulse) by
using its third harmonic (A = 355 nm). Absorbance of the solutions at the exciting
wavelength was 0.2 < 4 < 0.3. Before the analysis the samples were bubbled with argon
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for ca. 25 min and sealed in homemade 10 mm optical path length cells. The laser
excitation beam crosses the monitoring light of a Xe arc lamp in a right-angle
configuration.’

The light transmitted by the sample (10 mm optical path) is monochromated with 4 nm
resolution and detected on a Hamamatsu R936 photomultiplier PMT or on a high-speed
Silicon (DET210) or InGaAs (DET410) Thorlabs photodiodes different fotodiodes for
visible and infrared regions, respectively. A digital oscilloscope in conjunction with a
personal computer is used to acquire and process the signals with the Proteus and
Surface Explorer softwares, respectively, by Ultrafast Systems.

6.5. Energy transfer

The rate constant for an intramolecular energy transfer process has been obtained from

the equation:
1 1

Kpng = —— —
EnT
" T T,

where 7 and 7, are the lifetimes of the emissions reported for quenched and unquenched
donor, respectively. The efficiency has been evaluated from the equation:
kEnT
kEnT + kin
where k., = 1/7, is the intrinsic deactivation rate constant of the unquenched donor and

NEnT =

k- has been defined above.

For comparison purposes, the calculation of the energy transfer rates has been
performed based on both the Forster and Dexter mechanisms, using corrected donor
emission spectra and acceptor absorption spectra on a wavenumber scale. Computations
of rate constants and the relevant spectroscopic overlap integrals were performed by
using home-developed routines for MATLAB.” The rate constant for energy transfer
according to the Forster (k) and Dexter (k,) mechanism, respectively, were evaluated
by using the equations:
8.8 X 10725 k2¢
F= n47d6 Jr

412 H?
D= h D

where & = 2/3 is the statistical orientation factor, ¢ is the photoluminescence quantum
yield of the donor, n the refractive index of the solvent, 1 the excited state lifetime of the
donor in ns, d the distance between donor and acceptor in A, as metal-metal separation
(calculated from molecular modelling), H is the electronic coupling term and # is
Planck’s constant. The spectral overlap integrals Jr and Jp were calculated from the
emission spectrum of the donor D(v ), and the acceptor absorption spectrum of the
acceptor in molar absorptivity units A(v ), using the equations:

_ DWW A@ Vv *dv
F= [ D(¥)dv
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D) AW)dv
Jp = [D@)dv [A®@)dv
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Chapter 7

7. Final Remarks

This thesis reports most of the works developed during the three years of my doctoral
research activity.

It has been accomplished in the framework of the ESF-EUROCORES
“SolarFuelTandem” project, whose main goal was the development of a bio-inspired
nanostructured organic-inorganic heterojunction tandem cell for solar to fuel
conversion.

In this project the, individual objectives of my PhD research can be summarized in three
main tasks: (1) the study of the energy transfer processes occurring in supramolecular
antenna systems, for collection of solar light; (2) the characterization of catalysts for the
water oxidation process, focusing on the redox states of the intermediates; (3) the
analysis of an integrated system for solar energy conversion.

The points (1) and (3) have been discussed in the current work of thesis, that has been
centred on the study of several types of systems able to perform light-harvesting and in
some cases to promote the funneling of the excitation energy in a unique desired
direction, mimicking natural processes and thus representing good models for the
construction of antenna systems. Instead, the point (2), related to the characterization of
single-site Ru(Il) catalysts for the water oxidation process, has not been treated, reason
why I want at least to mention it in the end.

Actually, for the construction of light-driven artificial photosynthetic devices, apart
from the challenge of achieving suitable antenna systems, also the problem to optimise
the catalytic water oxidation process is of fundamental importance. To this aim, it is
crucial to gain accurate knowledge about the working mechanism of the catalyst. This
issue has been tackled during the three years of my PhD activity, by the investigation of
a new series of single site Ru(II) catalytic systems for water oxidation.

The catalysis of water oxidation process by transition-metal complexes has received
considerable attention during the last years, thanks to the accessible synthesis, strong
stability, robustness and efficiency of such systems. Recently, new classes of single-site
water splitting catalysts able to form dioxygen in homogeneous conditions have been
prepared' in addition to the most widely spread multi-nuclear ones. Following the same
direction, the new series of mononuclear ruthenium water oxidation catalysts of the
form [Ru(cy)(L)(H20)]*" (cy = p-cymene, L = 2,2’-bipyridine or similar derivatives)
has been analysed, with the main goal of characterizing the transient intermediate
species generated during the catalytic cycle.” In these single ruthenium complexes, the
metal centre is coordinated to a bipyridyl ligand (L) and stabilized by a cyclic
conjugated hydrocarbon (cy = p-cymene). Such systems can be considered as suitable
models for the design of more efficient water-oxidation catalysts and, for this purpose,
it is important to understand the pathways that lead to O, evolution from water and the
nature of the involved intermediate species.

A detailed characterization of the one- and two-electron oxidized intermediates of the
catalysts has been carried out using different techniques: for the long lived species, UV-

161



Vis spectroscopy supported by stopped flow apparatus, and for the transients with short
lifetimes, pulse radiolysis. In the first case, [Ce(NH4)2(NOs)s] has been used as
sacrificial oxidant, activating the metal complex towards oxidation process. Upon
addition of 10 eq. of Ce(IV) to [(cy)Ru"L-H,0]*" in acidic solution, gradual formation
of a new species is achieved, whose absorption features are ascribable to the Ru(I'V)
species involved in the cycle.’ In the second case, sulphate radical anion SO, has been
chosen as sacrificial one-electron oxidant. The reaction between SO, and the complex
at pH 1.4 in HCIO4 diluted solution yielded the one-electron-oxidized species, revealed
by two distinct peaks in the absorption spectrum, that could agree with the spectrum of
the elusive Ru(Ill) species.

The comparison between the experimental optical properties and the absorption spectra
computed with time-dependent DFT based modelling, in collaboration with the group of
Prof. Huub de Groot at the University of Leiden, provides a convincing validation of the
proposed catalytic cycle, involving four proton-coupled electron transfer (PCET) steps,
and a clear characterization of the intermediate complexes observed optically.

The good agreement between the optical data with DFT predictions establishes the
general applicability of this methodology as a powerful tool in the characterisation of
other water oxidation catalysts and for the interpretation of experimental observables.
The results of the study have been the subject of a publication, which is now under
evaluation at the PhysChemChemPhys journal.
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