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Acronyms and abbreviations in alphabetical order

biQui 2,2’-biquinoline

biQuiCOOH 2,2’-biquinoline-4,4’-dicarboxylic acid

CR Charge Recombination

CSS Charge-Separated State

Cv Cyclic Voltammetry

dmp 2,9-dimethyl-1,10-phenanthroline; neocuproine

diMesPhen 2,9-dimesityl-1,10-phenanthroline

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DPEphos Bis(2-diphenylphosphinophenyl)ether

dpp 2,9-diphenyl-1,10-phenanthroline

dptmp 2,9-diphenyl-3,4,7,8-tetramethylphenanthroline

DPV Differential Pulse Voltammetry

DSSC Dye-Sensitized Solar Cell

ESI +/- ElectroSpray Ionization positive/negative mode

Fe Ferrocene

HOMO Highest Occupied Molecular Orbital

HR-MS High Resolution Mass Spectrometry

ILCT Intra-Ligand Charge Transfer

LUMO Lowest Unoccupied Molecular Orbital

MALDI +/- Matrix Assisted LASER Desorption Ionization positive/negative
mode

mesityl 2,4,6-trimethylphenyl

MLCT Metal-to-Ligand Charge Transfer

MO Molecular Orbital

NHE Normal Hydrogen Electrode

SCE Saturated Calomel Electrode

SPC Single Photon Counting

SWV Square Wave Voltammetry

TA Transient Absorption

tbp 2,9-di-tert-butyl-1,10-phenanthroline

TBAPF, Tetrabutylammonium hexafluorophosphate

TFA Trifluoroacetic acid

TTF Tetrathiafulvalene

uv Ultraviolet
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General introduction

“If our black and nervous civilization, based on coal, shall be followed by a quieter civilization
based on the utilization of solar energy, that will be no harmful to progress and to human

happiness” (G. Ciamician, Science 1912, 36, 385)

These words, pronounced by Ciamician in 1912, summarize one of the main issues that
humankind faces during this century: the energy problem. Currently, around 80% of energy
resources are based on the combustion of fossil fuels. Resources shortage and growing pollution
levels make it urgent to develop alternative energy sources, which have to be abundant, long-lasting
and environmentally friendly. Solar energy appears to be an ideal candidate, as it provides the
planet with about 10* times our annual energy consumption and it is furthermore more evenly
distributed on earth than fossil fuels.

Unfortunately, solar energy cannot be used directly, and has to be converted into another
form (heat, electricity or chemical potential). In particular, chemical approaches towards conversion
into electricity and chemical potential have been extensively developed by the scientific community
in the last decades. For both applications, a fundamental role is played by the photosensitizer, which
has to absorb sunlight and produce a charge separated state. The electrons are then either collected
in an external electrical circuit (photovoltaic devices) or used to run reactions, storing the photonic
input into chemical bonds (artificial photosynthesis).

In this field, the most successful molecular systems are based on ruthenium(II) polypyridine
complexes, that display well-suited and tuneable photophysical and electrochemical properties.
Moreover, a great variety of structures can be synthesized thanks to the modular approach which is
peculiar of coordination compounds. However, the use of ruthenium raises important issues like its
high cost (related to the low abundance on the earth crust) and toxicity.

The aim of this thesis is to show that copper(I) can be a viable alternative to ruthenium(II)
for solar energy conversion. Besides the abundance of copper on earth, its diimine complexes
display valuable photophysical and electrochemical properties, together with a tetrahedral
arrangement of the ligands allowing to build linear multicomponent arrays. The choice of the
heteroleptic structure is motivated by the fact that it opens the way to directional charge transfer, a
highly suitable feature when dealing with light conversion. At the heart of this topic is the
HETPHEN synthetic strategy developed by Schmittel in 1997, that allows chemists to build stable

heteroleptic copper(I) complexes.



The first chapter is an introduction describing the main aspects of artificial photosynthesis
and reviewing the most important advancements of the research about copper(I) complexes.

Afterwards, in chapter 2, the effect of the coordination sphere structure (in particular
concerning the steric hindrance) on the photophysical and electrochemical properties was
investigated by means of model complexes. The study is then pursued using more elaborate ligands,
containing an extended phenanthroline core and bromo groups.

In chapter 3, the enhancement of the absorption coefficient was addressed, since this is still a
weak point of copper(I) complexes. The chosen strategy is the use of chromophoric push-pull
styrylbipyridine ligands. The influence of different complementary ligands (diphosphine or diimine)
was also assessed.

In chapter 4, the use of heteroleptic copper(I) diimine complexes to build rod-like molecular
arrays for photoinduced electron transfer was developed. The aim was to build rod-like dyads and
triads to test the possibility to generate a long-lived charge-separated state triggered by
photoexcitation of a central copper(I) diimine sensitizer.

The last chapter focuses on the design of copper(I)-based sensitizers for dye-sensitized solar
cells (DSSCs). Two new series of dyes containing different anchoring ligands will be presented and
the photovoltaic performances were assessed and discussed.

This multidisciplinary work was carried out within the HeteroCop ANR project (09-BLAN-
0183-01). The project involves four groups, each one in charge of a different aspect of the work:

e CEISAM, University of Nantes (M. Sandroni, Dr. Y. Pellegrin, Dr. E. Blart, Dr. F.
Odobel): synthesis of the ligands and the complexes and preliminary physico-chemical
characterizations (UV-Visible absorption, steady-state emission, electrochemistry and
photovoltaic performances);

e LASIR, University of Lille 1 (Dr. M. Rebarz, Dr. M. Sliwa, Dr. O. Poizat): emission
lifetime and quantum yield measurements, time-resolved spectroscopy;

e LCQ, University of Strasbourg (Dr. N.C. Bera, Dr. M. Kayanuma, Dr. C. Daniel):
quantum mechanical calculations;

e DCM, Joseph Fourier University, Grenoble (T. Stoll, Dr. M Gennari, Dr. J. Chauvin, Dr.
J. Fortage, Dr. M-N. Collomb, Dr. A. Deronzier): catalysts synthesis and
characterization, photocatalytic hydrogen production assays (not described in this
thesis).

The styrylbipyridine ligands presented in chapter 3 and 5 were synthesized by Dr. Huriye Akdas at
the University of Rennes 1.

The photovoltaic properties of the complexes presented in chapter 5 were studied by Dr. Pellegrin.
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CHAPTER 1

State of the art: artificial photosynthesis and copper(I)

complexes

1.1. Solar energy conversion: introduction

The improvement of the living conditions of humankind is strongly connected with the access
to energy.' The growth of world population and the increasing energy needs of developing countries
lead to a global raise of the energy demand. At the same time, the currently most used energy
sources are fossil fuels, which rise the double issue of availability and pollution. In fact, the
available stocks are rapidly decreasing owing to their intense exploitation. For these reasons, the
cost of fossil fuels is quickly growing. On the other hand, the hydrocarbon combustion releases
large quantities of carbon dioxide in the atmosphere. CO, is a well-known greenhouse gas, and the
rise of its concentration in the atmosphere is one of the main factors responsible for global
warming.”

In order to preserve the equilibrium of the planet we are living on, and to guarantee access to
energy to an even larger part of the world population, it appears necessary to develop alternative
energy sources, which have to be sustainable and carbon neutral.’

Solar energy appears as an ideal candidate, and fulfils all these requirements. The amount of
energy received in one year at the Earth surface corresponds to about ten thousand times our current
annual energy consumption. However, solar energy, although very abundant, is discontinuous and
needs to be stored and converted into a useful form, like electricity or fuel.

The most widespread way to store solar energy is certainly its transformation into high
energy organic compounds starting from carbon dioxide and water, which is carried out by
photosynthetic organisms and produces approximately 115-10° kg of biomass per year. This natural
process has been an inspiration for the scientific community to elaborate new storage strategies.

A nowadays well-established technology is constituted by batteries, where the energy is
stored under the form of a redox gradient. In this field, major efforts have been devoted to the
improvement of power density (the rate at which the charge can flow in and out of the battery), but
the energy densities are still quite low (~ 0.1-0.5 MJ kg'l), and are limited by the physical properties

of the materials.” An interesting alternative, which is directly inspired by photosynthesis, is the



storage of energy in chemical bonds. Liquid fuels, in fact, have energy densities around 50 MJ kg™,
and dihydrogen is even more efficient (140 MJ kg ™).

In these introduction paragraphs, the natural photosynthetic process will be described,
followed by the artificial approaches to fuel generation. In particular, the emphasis will be put on
chemical approaches to solar energy conversion. Natural photosynthesis, occurring in plants, algae
and cyanobacteria, converts sunlight, water and carbon dioxide into energy rich molecules such as
carbohydrates or lipids. The goal of artificial photosynthesis, in the broadest sense, is to exploit “the
physics and chemistry underlying natural photosynthesis to harvest solar energy for technological
purposes”.® In this definition, it includes not only fuel photoproduction, but also the conversion of
sunlight into electricity. The topic of photovoltaic energy, however, will not be addressed here but
in the introduction of chapter 5.

The energy to drive photosynthesis is provided by sunlight, which is efficiently absorbed by

the pigments present in the photosynthetic organisms.

CO, + H,O + hv — O, + biomass

This reaction corresponds to the splitting of water into oxygen and hydrogen, where the latter,
instead of being released in the atmosphere as a gas, is stored under the form of energy rich
molecules. Photosynthesis is therefore a way to store the solar energy into chemical bonds.
The respiration is the reverse process, where “hydrogen” (stored under the form of high energy
molecules) is combined with oxygen through a series of carefully controlled and efficient processes
to provide metabolic energy.” An equivalent of respiration is the combustion reaction, where
biomass combines with oxygen to provide energy with carbon dioxide release. For this reason, the
combustion of biomass and biofuels is carbon dioxide neutral, if the biomass stock is properly
restored.

If mankind could reproduce the same concept with simpler, artificial systems, immediate
access to a large stock of fuel would be possible starting from inexpensive and abundant resources:

water and sunlight.

1.1.1. Natural photosynthesis

The first studies about natural photosynthetic processes date back to the 17" century, and the
research is still going on to elucidate all the aspects involved in this complex mechanism.
The whole photosynthetic reaction is very complex, as it leads to the synthesis of elaborate, energy

rich organic molecules starting from simple building blocks: water and carbon dioxide. At the heart
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of this process lies the splitting of water into oxygen and hydrogen: the former is released in the
atmosphere where it is available for respiration and combustion, while the latter is combined with
CO; to form sugars and other molecules. In this brief introduction, we will focus on the water
splitting reaction by means of the absorption of photons, and on the energy and electron transfer
chain providing light collection and charge separation to drive this reaction.

The photosynthetic reaction is carried out by different organisms, having a slightly different
apparatus to perform it. However, some basic principles can be identified, that are common to all
photosynthetic organisms:

e absorption of light energy by an antenna system, composed of pigments arranged in an
ordered way thanks to a protein structure. The energy is then funnelled to a sensitizer
(special pair) that initiates photoinduced electron transfer chain;

e charge separation through an electron transfer chain, with formation of highly oxidizing and
reducing units at the two extremities;

e accumulation of charge equivalents by repetition of the above cycles, in order to perform the
multielectron reactions necessary for water splitting;®

e catalysis with the redox equivalents produced upon photoinduced charge separation.

The photosynthetic apparatus is situated in the thylakoid membrane in the chloroplasts.
Photosystem II (PSII) is responsible for light collection and water oxidation, and it is coupled with
Photosystem I (PSI), where the electrons and protons resulting from the latter reaction are fixed as
NADPH, a “bio-reductant” which is necessary for the carbon dioxide reduction to produce
biomass.”

The antenna system is composed of pigment molecules (chlorophylls a and b and B-
carotene) which are wrapped into a protein structure, in order to form an ordered superstructure
suitable for funnelling the luminous energy to the P680 (having a different structure in different
organisms’). The electron transfer chain includes a pheophytin (PHp;), two quinones (Q4 and Qg)
and a plastocyanin.

P680* is formed upon energy transfer from the antenna system. It is a highly reducing
species and it is the starting point of the electron transfer chain which will provide a long-lived
charge-separated state, necessary for the accumulation of the oxidizing and reducing equivalents
(Fig. 1. 1). This electron transfer sequence is achieved through a redox gradient created by properly
aligned and electronically tuned elements. A rapid electron transfer to the nearby pheophytin
produces the first charge separated state P680°"—PHp,”. The negative charge is then rapidly
transferred to a quinone, Qa, leading to a rise of the charge-separated state lifetime by the increase

of the distance between the two opposite charges. P680™ an extremely powerful oxidizer in the
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world of living matter, with an oxidation potential of more than 1.12 V vs. NHE.” and is reduced by
proton-coupled electron transfer from a tyrosine residue, which is then in charge of the oxidation of
a cluster of four manganese ions. The OEC is a cluster containing four Mn*" and one Ca*" ion held
together by a network of oxygenic bridges and water molecules. The structure was recently resolved
by X-Ray crystallography,'® but the operating mechanism has not been fully understood yet. The
accumulation of four oxidizing equivalents in the MnsCa cluster results in the oxidation of two
water molecules to give one O, molecule, four electrons and four protons. The transport of the
corresponding four reducing equivalents towards the PSI provides the energy to synthesize ATP
from ADP. In Photosystem I, the energy of another red photon, absorbed by the P700, is used to
start another electron transport chain finally resulting in the production of NADPH. ATP and

NADPH are essential molecules for biomass synthesis and metabolic processes.
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Fig. 1. 1. Schematic representation of the light-driven processes in natural photosynthesis.’

Before describing the artificial approaches to photosynthesis, it can be useful to make some
considerations about the efficiency of this process.” Indeed, only a small part of the visible photons,
which constitute 45% of the solar spectrum is used to drive the reactions resulting in biomass
production. High energy photons are degraded with heat production to red photons (A = 680 nm) in
the antenna system, and used to excite P680. Moreover, each redox equivalent accumulated in the
system requires the absorption of two red photons, at 680 (in P680) and 700 nm (in P700, PSI). The
long electron transfer chains, and the absorption of the second photon in PSI are necessary to
provide energy for the synthesis of ATP and NADPH. Moreover, a large number of reactions not
directly involved in water splitting and biomass production occur in photosynthetic organisms, in
order to ensure their organisation, metabolism, reproduction and protection from degradation. In

light of all these data, the overall efficiency was theoretically estimated to be around 5%,'"'* but
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normally does not exceed 1-2%.” On a global basis, considering the ratio between the annual energy
storage by photosynthetic processes and the solar energy arriving on the planet surface during the
same amount of time, the efficiency can be estimated at 0.1%. However, if only the early stages of
the process are taken into account, the efficiency is much higher, since it consists of highly efficient
energy and electron transfer processes. Therefore, the artificial approach to photosynthesis

concentrates on some useful reactions, with the aim to conceive efficient devices.

1.1.2. Useful hints from natural photosynthesis

In summary, natural photosynthesis relies on some basic principles, which can be used in
order to develop the guidelines for the design of efficient artificial photosynthetic systems. The
occurring processes are schematically represented by:

e cfficient light collection by an antenna system: the energy is funnelled towards a sensitizer,
provoking its excitation;

e long-range photoinduced electron transfer in the reaction centre: the charge-separated state
lifetime is increased by moving the photoseparated charges away from each other. This is
obtained through a chain of electron transfers in a spatially organised array that ensures the
proper directionality to the charge movement;

e accumulation of oxidizing and reducing equivalents that allows the system to perform the
multielectron reactions required for water splitting;

e presence of catalysts for both oxidation and reduction, ensuring storage of the redox

equivalents and fast and efficient reactions.

The schematic representation of the photosynthetic array is given in Fig. 1. 2, where several
approaches to the different aspects of artificial photosynthesis are highlighted. The whole
photosynthetic process is very elaborate, and requires a sequence of several steps. For this reason,
its faithful reproduction is an extremely hard task. In order to study and optimize each of the steps
listed above, researchers usually address the different issues separately. Looking at literature
reports, it is possible to identify several approaches to artificial photosynthesis, that can be roughly
classified into four categories: systems reproducing light collection by the antenna effect, molecular
arrays performing photoinduced long-distance charge transfer, systems for the photosensitization of
molecular catalysts, and molecular catalysts for an efficient water splitting. Some systems, however,
were able to reproduce artificially different aspects of the photosynthetic process. A few examples

will be briefly mentioned in the next paragraphs.
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Fig. 1. 2. Schematic representation of the photosynthetic process, and of the different approaches to artificial
photosynthesis: = study of the antenna effect; == long-range photoinduced electron transfer; == photosensitization of

catalysts; —— catalysts for efficient water splitting.

1.1.2.a. Light collection by the antenna effect

The antenna effect plays an important role in photosynthesis since it allows the collection of
a large number of photons by highly absorbing pigments, among which carotenes and especially
chlorophylls. The collected energy is then funnelled to the reaction centre by means of efficient
energy transfer steps to a dye playing the role of energy sink, producing the excitation of the latter
that finally starts the electron transfer chain is PSII. This allows the natural photosynthetic
apparatus to efficiently absorb a large part of the solar spectrum by a suitable mixture of dyes, and
to overcome the intrinsic problem of the limited absorption of the reaction centre. An important
feature is the spatial organization of the dyes, that provides directionality to the energy transfer. In
the natural apparatus, it is given by the protein environment.

There are of course a few conditions to fulfil in order that the energy absorbed by the
antennae is transferred to the final energy acceptor with quantum efficiency close to unity. Within
the light harvesting complex of PSII, the energy transfer steps occur via the Forster resonant energy
transfer mechanism (FRET), based on dipolar interactions between the donor and the acceptor. This
energy transfer process can take place over long distances.

Taking inspiration from the natural pigments, some examples of carotenoid-based antennas
were elaborated by T. and A. Moore, and D. Gust."® These molecules also play an important role in
the photoprotection mechanism.

An interesting approach towards ordered arrays for light harvesting was put into shape by

Balzani and Campagna, and was based on the use of dendrimers of ruthenium and osmium
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complexes (Fig. 1. 3).'"* In these molecular structures, the properties of each component remain
nearly unaltered, and the structural control allows to master their electrochemical and spectral
properties. Meyer and colleagues elaborated Ru'-Os" arrays, where several Ru" tris-bipyridine
complexes are connected to an Os" tris-bipyridine by functionalization of polystyrene or
oligoprolyne strands (which provide spatial organization to the complexes)."> It was demonstrated
that these derivatized polystyrene assemblies support long-range energy transfer and can therefore

act as “antennae” for the collection of visible light.

L) Tk
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(@) 2®)
Fig. 1. 3. Left: structure of a decanuclear coordination metal dendrimer by Balzani and Campagna.'* Right: electronic
energy transfer processes occurring in polystyrene strands functionalized with ruthenium (white circles) and osmium

complexes (black circles) by Meyer’s group.'”

Directly inspired from the natural antenna systems are the multiporphyrin arrays reported by
Aida and co-workers (Fig. 1. 4).'° The best properties, in terms of light harvesting and directional
energy funnelling, were displayed by porphyrin dendrimers, which are characterised by the three-
dimensional arrangement of a very large number of chromophores. An extensive research work
about organic dendrimers was also performed by the Fréchet group.'’

Gust and co-workers used instead an hexaphenylbenzene core (Fig. 1. 4) to spatially
organize three different chromophores having complementary absorption spectra
(bis(phenylethynyl)anthracene, borondipyrromethene and zinc porphyrin). Upon light absorption,
the energy is rapidly transferred to the porphyrins, and it can be efficiently used to initiate a
photoinduced electron transfer in a reaction centre (represented by a fullerene bound to the

porphyrins through coordination bonds)."®
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Fig. 1. 4. Examples of artificial antennae of Aida and co-corkers (left)'® and Gust and co-workers (right).'®

An alternative approach for the construction of spatially organised molecular arrays was
proposed by Lehn and co-workers, and exploited hydrophobic interactions to link the energy donor
and the acceptor. The acceptor, a merocyanine dye, was included into the hydrophobic cavity of a

cyclodextrin, covalently connected to the naphthoate donor."

1.1.2.b. Molecular arrays for long-distance photoinduced charge transfer

This subject is perhaps the most widely studied one in the field of artificial photosynthesis,
as charge separation in space is the principle allowing to provide long-lived photogenerated redox
equivalents (as a consequence of the relatively slow recombination) with a high quantum yield. The
latter are then used for to perform redox reactions. Hundreds of structures based on very different
concepts that have been synthesized and thoroughly characterized. A more detailed overview of
some relevant systems will be given in paragraph 4.1, but let us briefly introduce the basic concepts
and approaches to obtain long-distance and long-lived excited states by using light energy.

In general, all these molecular assemblies are obtained by connecting a photosensitizer (S),
responsible for light absorption, with an electron donor (D) and/or an electron acceptor (A). In this
way, polyads are obtained and the photoinduced electron transfer processes are studied. Donor-
sensitizer-acceptor (D—S—A) triads are the simplest example of polyads. Of course, the
chromophore can also be at one extremity, like in the natural photosynthetic system (triads
S—A|—A; or D,—D—S).

The absorption of a photon of the suitable wavelength (Ayax) promotes the sensitizer from
the ground to the excited state, where it becomes both a better oxidant and a better reductant (see

below, paragraph 1.2.1).% Depending on the redox potentials of the excited state, the excited
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photosensitizer will be preferentially a powerful oxidant or reductant. The primary charge transfer
will occur towards the electron acceptor for highly reducing S* (electron transfer) and towards the
donor (hole transfer) for highly oxidizing S*. Then, the system undergoes a “dark” secondary
charge transfer to give the long-lived D'—S—A" state. The interest in performing the second charge
transfer is that, if the charges are separated by a long distance, the recombination reaction is slowed
down (vide infra). This same principle provides the exceptionally long-lived charge-separated states

involved in the natural photosynthetic process.

E D—-S*—A
D+-S—A
, D—S*—A-
/
hv /!
//
K _--7 D*—S—A-
/ Phs -
4 P
/ _-
y _-
y _-
7 - -
e Light absorption
_— — Charge transfer
D—S—A =~ * Charge recombination

Fig. 1. 5. Reaction scheme for the formation of photoinduced charge-separated states in a D—S—A triad.

Among the many molecular systems that have been prepared, some families can be
identified. First of all, the systems based on molecular moieties reminiscent of the biological
systems, like p-carotene, porphyrins and quinones.”’** A great number of molecular assemblies,
moreover, is based on the use of coordination compounds as sensitizers (RuH, Irl, IrIH, OSH, Rel, PtH,
Cu'...),”® in which the complexes are bound to electron donor and acceptor groups through
covalent bonds. This approach is particularly appealing because it allows the construction of
elaborate polyads by assembling the different units through coordination bonds in a modular way
and will be examined in greater detail in chapter 4, where the topic of photoinduced charge transfer
will be studied. It is important to observe that the great majority of these polyads based on
coordination compounds contain rare and expensive metals, in particular ruthenium(II) complexes

are by far the most extensively studied. It appears therefore important to investigate the possibility
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of using more abundant and less expensive metals to build the chromophores, in view of practical
applications of these compounds.
Another branch of this field deals with charge transfer processes occurring through non

covalent bonds like hydrophobic interactions,*® hydrogen bonding *' or coordination bonds.****

1.1.2.c. Molecular catalysts for water splitting

An intense effort is also put in the research to find new catalysts to perform water splitting,
and to improve their performances. A complete review of these systems is beyond the scope of this
manuscript, so only a few systems will be mentioned.

Water oxidation is a very challenging task, since it is a four-electron process.

2H0 > 0 +4H +4¢

It can be efficiently obtained by the use of IrO, catalyst,” but this material has the non
negligible drawback of being based on the extremely rare iridium. In order to move to cheaper
materials, a cobalt phosphate catalyst was, for example, developed by the Nocera group.*
Many important catalysts are based on ruthenium complexes. An example is the well-known
ruthenium blue dimer, originally reported by T.J. Meyer and colleagues, whose structure is
composed of two Ru bipyridine complexes bridged by an oxygen atom.’® Monomeric®’ and
dimeric®® ruthenium complexes were also reported by Thummel and co-workers. Recently, the Sun
group reported a monomeric ruthenium complex exhibiting very impressive catalytic properties, in
particular a turnover frequency (300 s') comparable with the rate of oxygen production in the

natural OEC (Fig. 1. 6).”
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Fig. 1. 6. Structure of three ruthenium-based catalysts for water oxidation, reported by the Meyer (left),”® Thummel

(centre)’” and Sun (right)*® groups.

Ir'™ phenylpyridine aquo complexes exhibited a good catalytic activity in pure water, with turnover
phenylpyr q P

numbers around 2500,
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Quite recently, some systems based on the use of polyoxometalates comprising a M4O4
cubane core were reported by Hill and colleagues (M = Co), with a TOF > 5 s at pH 8.,*' and by
the groups of Scandola and Campagna (M = Ru).** These catalysts are directly inspired by the
cluster present in the oxygen evolving centre.

Proton reduction to give molecular hydrogen can be efficiently catalysed by platinum
nanoparticles. However, other systems are being considered in order to find efficient catalysts based

on less rare and expensive elements. Some examples are shown in Fig. 1. 7.
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Fig. 1. 7. Structures of some molecular proton reduction catalysts. From left to right cobaloximes, FeFe hydrogenase

mimics, dimetallic molybdenum catalysts and Ni-based catalysts.

Taking inspiration from the natural [FeFe] hydrogenase enzymes, much work concentrates on the
use of complexes containing two iron atoms bridged by two sulphur atoms (reminiscent of natural
cysteine residues).*’ Recently, some systems based on mononuclear iron complexes were proposed
by the Ott group.** Taking inspiration from the presence of nickel in natural hydrogenase enzymes,
a series of Ni-containing catalysts was conceived by DuBois and colleagues.

Other widely studied proton reduction catalysts are cobaloximes, originally proposed by Espenson
as electrochemical catalysts* and developed by many research groups in the last 25 years.**"’
Several modifications of the cycle and of the axial ligands are possible, opening the way to a great
deal of different structures.

Molybdenum was also used to conceive molecular catalysts for proton reduction: in particular

sulphur bridged dimetallic structures were reported by DuBois and colleagues™ and molybdenum-

oxo polypyridine complexes were recently published by the Long group.*

1.1.2.d. Photosensitization of molecular catalysts
Active research is also going on to couple photosensitizers with water splitting catalysts.

Such artificial systems rely on the use of a photosensitizer (PS) to reduce or oxidize the catalyst

13



(Cat) by photoinduced processes. The catalyst will then be able to perform water splitting and the
photosensitizer is regenerated by the reaction with a sacrificial electron donor or acceptor.

3052 \where the sensitizer and the

This field was at first developed using “bimolecular” systems,
catalyst are not bound to each other. In their seminal work published in 1977,°° Lehn and Sauvage
obtained hydrogen photoproduction using [Ru(bpy)s;]*" as the sensitizer and triethanolamine
(TEOA) as the sacrificial electron donor. An electron relay ([Rh(bpy)3]3+) acted as electron relay to
finally reduce the catalyst, platinum nanoparticles formed in sifu by reduction of K,PtCle. The
mechanism for water reduction can involve either oxidative quenching of the excited

photosensitizer, followed by regeneration by the electron donor (Fig. 1. 8), or a reductive quenching

(electron transfer from the electron donor, followed by reduction of the relay by PS").

H
/7 Pst R ?
PS
o (o)
H,O
PS* R
D
Fig. 1. 8. Schematic representation of the redox catalytic cycles in the photoreduction of water to hydrogen: oxidative

quenching mechanism. D: sacrificial electron donor; PS: photosensitizer; R: electron relay; Cat: catalyst.

In order to optimize the electron transfer between the photosensitizer and the catalyst, PS-
Cat systems, where the two units are linked by chemical bonds, were investigated. These systems
work in solution and the majority of them are based on the use of a ruthenium(II)™ or platinum(II)**
sensitizer. For example, an interesting system for the accumulation of charges on a Mn cluster
(reminiscent of the natural OEC) was proposed by Hammarstrom and colleagues: it was composed
of a Mn, cluster covalently connected a to [Ru(bpy)s]*” unit, with two secondary electron acceptors
(NDI) to increase the charge-separated state lifetime ((NDI);-Ru"-(Mn"),, Fig. 1. 9).°
Unfortunately, even if the photo-accumulation of no less than three holes was achieved with this
molecular system, the manganese cluster was irreversibly altered, and no catalysis, nor regeneration
of the complex in its initial form could be obtained. Some PS-Cat arrays were proposed where two
ruthenium complexes are connected by a ditopic ligand: one of the two metal centres performs the
role of sensitizer and the second one of the catalyst.”® Extensive work on Ru"-Rh™ systems were

also carried out in the Brewer group.”’
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Fig. 1. 9. Structure of three PS-Cat arrays: (NDI),-Ru"-(Mn"),,”> Ru"-Ru" ** and Ru"-Rh""-Ru"”’

More recently, semiconductors began to be used instead of sacrificial reactants, with the
final aim to build an array working in water with no waste products. The semiconductors act at the
same time as a solid support and as electron or hole reservoir to regenerate catalysts. Some works

>89 and reduction.®” These systems are based

have been recently published on both water oxidation
on photoelectrochemical cells, where the PS-Cat system is covalently grafted onto the electrode
surface. An external bias is applied to the system in order to regenerate the photosensitizer after the

photoinduced electron tranfer to, or from, the catalyst.

1.1.2.e. Systems mimicking the entire charge separation process

Artificial devices able to mimic the entire water splitting process are still lacking, but it is
important to mention the work by Mallouk and colleagues,”” who used a sensitizer-catalyst array
with [Ru(bpy);]*" and IrO; to sensitize titanium dioxide in a photoelectrochemical cell (Fig. 1. 10).
Upon light irradiation, electrons are injected from the ruthenium sensitizer into the conduction band
of Ti0O,, and the resulting hole shifts to IrO, nanoparticles, leading to water oxidation. The electrons
provided by water oxidation on the anode side are collected at the platinum cathode to perform

proton reduction. A small external bias is applied to provide enough driving force for the electron
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collection in the external circuit. The water oxidation catalysis is extremely slow, but it constitutes

however an extremely encouraging result towards the construction of the artificial leaf.

bias voltage
O —» A
|'|:|'}"'E‘- . HzU
laﬂnsitizm!{‘.l T10:-' } TiO, H 2
TiO, film AP 2
o '»_N* <™
/ Q gy -
et B Y N LA H.O
it 1 R~ 9 el
(¥ W) te =0
L e~ | D"c: |
\ 0% p lﬂ‘-nH,O
\ Pt

¢ TiO,

Fig. 1. 10. Schematic structure of the water splitting system of Mallouk and co-workers.>

1.2. Quantitative treatment of electron and energy transfer reactions

Solar energy conversion is based on the harvesting of luminous energy by a sensitizer. This
energy is then either converted into a redox potential by a sequence of electron transfers (generation
of a charge-separated state) or transferred to other molecules by means of energy transfer. In both
cases, these photoinduced processes result in an excited state quenching of the sensitizer.

Let us consider an electron or energy donor (D) and an acceptor (A), the two groups are
connected through a photochemically inert spacer. Upon excitation of a photoactive unit (D for

example), the molecule can undergo different fates (Fig. 1. 11).

*D-A
PR 1~ 3
D-*A -~ | ~a D*-A-
| —
|
:
|
hvDP 1! 2
1
1
:
1
v v
D-A

Fig. 1. 11. Schematic representation of the possible evolution of a dyad D-A after excitation of the D group.

Intersystem crossing is not taken into account.
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The possible processes are:

1) radiative relaxation of *D: *D-A — D-A + hv;

2) non radiative relaxation of *D: *D-A — D-A;

3) electron transfer to A, to yield a charge-separated state: *D-A — D'-A";

4) electronic energy transfer to A: *D-A — D-*A.
The theoretical aspects of electron and energy transfer (points 3 and 4), the most important
phenomena from the point of view of the subject of this thesis, are now briefly recalled. These

61-64

topics are already the object of complete works, so only the basic principles will be given here.

1.2.1. Photoinduced electron transfer

One of the possible fates for the relaxation of an electronically excited state is to undergo a
photoinduced charge separation with a donor or an acceptor, present in solution or chemically
bound to it.

The driving force for this redox reaction (*D-A — D™-A") is given by the following equation
(Rehm-Weller equation):®’

AGyr =Ep,p —E, . +corr Eq. 1.1

The correction term “corr” accounts for the electrostatic interactions between the charges (Ecs) and
the redox potential correction (Erqox), if the solvent where the electrochemical data are recorded is

different from the one where the photoinduced process occurs:

Eo-_ % Eq. 1.2
“ 4me e R, o
E = ez L 1 + 1 _L L.}.L
wOC 4me, | eg\2r, 2r ) e 2r,  2r Eq. 1.3

where “e” is the charge of electron, g is the vacuum permittivity, Rpy is the distance between donor
and acceptor (A), g is the dielectric constant of the solvent where the photoinduced process is
studied, ¢ is the dielectric constant of the solvent where the electrochemical measurements are
recorded, r; is the radius of D" (A) and r_ is the radius of A™ (A).

When photoexcited, the sensitizer becomes both a better oxidant and a better reductant

(formation of a low energy hole and a high energy electron):
Ep+p* = Epyp — B Eq. 1.4

Ep#p. = Epp. + B” Eq. 1.5
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The occurrence of oxidative quenching (electron transfer to an electron acceptor) or reductive
quenching (electron transfer from a donor) of the excited state depends on the oxidation and
reduction potentials of the sensitizer and of the other electroactive groups in its environment,
provided of course that the lifetime of the excited state is long enough to allow the various electron
transfer steps to take place.
From Eq. 1.1 it can be deduced if the reaction is thermodynamically allowed (AG” < 0) or not, but
no information about the kinetics of the electron transfer is provided.

The kinetic aspect of the photoinduced electron transfer was widely studied by R. A. Marcus
in the 1950°5.°"%% This theoretical treatment deals with the rate constant of electron transfer
reactions, and was elaborated for weakly coupled, or non adiabatic, systems (see below). The rate

constant for an electron transfer reaction between a donor D and an acceptor A is given by:

w1 (AG® + 1)
K o_2n _expl = B8 A Eq. 1.6
BT |VDA| /—4nkaT CXp N, T q

The potential energy surfaces of the two states involved in the electron transfer reactions are

represented in Fig. 1. 12.

Gibbs free energy (G)

Reaction coordinate

Fig. 1. 12. Potential energy parabolas of *D—A and D'—A". AG’, AG”, A and Vp, are illustrated. In weakly coupled
systems considered here, the electronic coupling Vp, is small and the two surfaces can be seen as separate surfaces (non

adiabatic electron transfer).

Let us now consider the different elements appearing in the equation.
* Vpa is the electronic coupling between D and A, originating from the orbital overlap of the
two units, and thus decreasing exponentially with increase of the distance rpa. In this case,
weakly coupled systems are considered (Fig. 1. 12), where the electronic coupling is small if

compared to thermal energy: Vpa < kgT.
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A is the reorganization energy, i.e. the energy that would be required to move the nuclei of
the reactants and the solvent molecules to the positions that they occupy in the relaxed
charge-separated state (product) without actually transferring the electron. This contribution
can be split into two terms: Aj, and Aoy, that can be evaluated by using Eq. 1.7 and Eq. 1.8.
These two additive contributions respectively stem from the internal changes in bond
lengths and angles (Ain) within the D-A assembly, and from the redistribution of the solvent
molecules around the dyad adjusting to the variations of the local electric field. Globally, the
A value is strongly dependent on the structural changes of the system upon electron transfer,

on the rpa distance and on the dielectric properties of the solvent.

Ain =1 2 (ki Aq?) Eq. 1.7

2
e i—i[ L Lo 1] Eq. 1.8
4me, | € e, \2a, 2a, r1p,

op

733D
1

In the two equations above: k; is the vibrational force constant of the normal mode and
Aq;i are the nuclear displacements of the normal vibrations; Ae is the charge transferred by
one electron, &, and g are the optical and static dielectric constants of the solvent
(considered as a continuum medium), ap and a, are the radii of D and A considered as hard
spheres and rpy is the distance.

AG" is the total free energy change that the system undergoes upon moving from the excited
state D*-A to the relaxed D'—A" state, indicating if the reaction is thermodynamically

allowed or not. Another important parameter is the activation energy AG’, that can be

calculated from AG® and A.

AG™ =M Eq. 1.9
4N

Interestingly, if Eq. 1.6 is considered, upon increase of AG° (for constant Vpu and L) the kgr

value reaches a maximum value for —~AG® = A. In this case, the transition to the D'—A" state

is barrierless. For higher driving forces, the rate constant starts decreasing, indicating the so-

called Marcus inverted region (Fig. 1. 13). The existence of this region was demonstrated

experimentally in 1984° and is useful for slowing down the charge recombination in the

charge-separated state (in fact, the AG® for charge recombination is normally very high).
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—AGO = A

—AG? < A —AG? > A

In ker

Fig. 1. 13. Illustration of the normal and inverted region for the electron transfer rate predicted by R.A. Marcus. The

maximum rate is obtained for —AG® = A.

Concerning the electron transfer mechanism, it can be of different nature depending on the
D—A distance and the role of the spacer.
In the hopping mechanism, occurring for short distances, there is a weak interaction between the
orbitals of D and A (Spa # 0; S is the overlap integral) and the electron is transferred directly from
*D to A. The rate constant decreases exponentially with the energetic gap between the initial and
final state (AE).%’
In the superexchange mechanism, there is no direct interaction between D and A (Spa = 0).
However, a non zero overlap can exist between the orbitals of D and those of the spacer, and
between those of A and those of the spacer. These overlaps indirectly lead to an electronic
communication between D and A. The intermediate D'—S —A (S: spacer), participates to create an
electronic communication, but is never populated (virtual state) and the electron transfer occurs
directly from D to A. The energy gap dependence of the rate constant is weaker than in the previous

case, as kgr 1s inversely proportional to AE?.
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1.2.2. Energy transfer

Excited-state quenching by energy transfer occurs between units possessing isoenergetic
states, in order to obey the law of conservation of energy. For the energy transfer to happen, the
energy difference between D and *D has to be higher than that between A and *A. The two
different mechanisms for energy transfer differentiate on the basis of the interaction between D and
A, and have a different D-A distance dependence. Forster and Dexter energy transfer mechanisms

are schematically represented in Fig. 1. 14.

Forster Dexter
—  — =
= -
O H 4
*D—A D—*A *D—A

Fig. 1. 14. Representation of the frontier orbitals of the energy donor (D) and acceptor (A), and of the Forster and

Dexter energy transfer mechanisms.

1.2.2.a. Forster mechanism

The Forster or dipolar mechanism is based on dipole interactions between the *D — D and
A — *A transitions. The energy transfer occurs thanks to the interaction between the two oscillating
dipoles. This mechanism necessitates a good overlap between the emission spectrum of the energy

donor and the absorption spectrum of the acceptor.

Donor (D) Acceptor (A)
I s I
Abs Em Abs Em
.
| |
)‘exc )‘em

Fig. 1. 15. Overlap between the emission of the donor (Em) and the absorption of the acceptor (Abs).
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The overlap function is defined as:

JA) = ij (Me , (MAKAL Eq. 1.10
Where f}, is the emission intensity of the donor and €, is the molar extinction coefficient.
This mechanism has no stringent requirements concerning spatial proximity of D and A, as
evidenced by the rate constant for the energy transfer Eq. 1.11. In fact, it occurs through space, even
on long distances (until 100 A). Energy transfer occurs between states with the same spin
multiplicity.

4 6
n't,R),

JOWK?
k= 8.8-10‘25(—% (*) J Eq. 1.11
®p and tp are the quantum yield and excited-state lifetime of the donor, J(A) is the spectral overlap
defined above, K is the dipole orientation factor (which is maximized if the two dipoles oscillate on
parallel planes), n is the refractive index of the solvent and Rpy is the donor-acceptor distance. K

and Rpa can be obtained by molecular modelling.

1.2.2.b. Dexter mechanism

On the other hand, the Dexter, or double electron exchange, mechanism requires orbital
overlap, and therefore decreases rapidly with the D-A distance, also depending on the nature of the
spacer. The excited-state quenching occurs by a double electron exchange: an electron transfers
from *D to the LUMO of A while another transfers from A to the HOMO of *D, resulting in the
formation of excited *A (Fig. 1. 14). Importantly, the two electron shifts are simultaneous, and no
ionic intermediates can be detected.

The rate constant for this mechanism is expressed by Eq. 1.12:

2H? I - AG*
k. =—_Dba 1/ ex Eq.1.12
P b VART P T RT a

AG” is the activation energy of the process, A is the reorganization energy (A, and Aoy) and Hpy 1s

the matrix representing the electronic coupling between D and A. This factor decays exponentially
with the distance, and is responsible for the fast decay of this energy transfer mechanism when D

and A are moved far away from each other.

H,, =H}, exp(—%(r—ro)) Eq. 1.13

Hpa' is the electronic coupling at the ry distance,  is the attenuation factor and depends on the

nature of the bridge linking D and A, r is the D-A distance and ry is the distance between D and A at
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the Van der Waals radius contact. The exponential dependence on r is the reason of the rapid decay

of the Dexter contribution with the distance.

1.3. Copper

As seen in the introduction, the world of artificial photosynthesis is strongly dominated by
ruthenium complexes. The aim of this thesis is to conceive and develop new molecular arrays based
on the remarkably cheaper and more abundant copper. Due to their better photophysical properties,
from the point of view of solar energy conversion, this introduction chapter focuses on copper(l)
complexes, that exhibit relatively intense absorption and fairly long-lived emissive excited states. In
particular, copper(I) diimine complexes are considered as promising compounds to perform solar
energy conversion.”’ In the following paragraphs, an overview of some interesting systems based on
copper(l) will be presented, to introduce some useful concepts that are of interest for this thesis.
Copper is present in the Earth crust in a concentration of about 50 ppm, and can be found in its
native state or in different oxidized forms. In minerals, it can be found for example as a sulfide
(chalcopyrite, chalcocyte), a carbonate (azurite, malachite) or an oxide (cuprite).71 Used by mankind
for 10000 years, the production trend is continuously rising and in particular since the beginning of
the 20" century. The world production of this metal was around 15-10° tons in 2005. This
abundance reflects in a relatively low cost if compared to that of rare metals like ruthenium (10~
ppm in the earth crust). This metal is usually found in +1 and +2 oxidation states, even though
copper(IIT) and copper(IV) can be found in some cases.”>"

Copper plays a crucial role in biological redox systems, particularly those associated with
oxidation or oxygen transfer like cytochrome ¢ oxidase, galactose oxidase or superoxide dismutase.
A typical example is that of blue copper proteins in the electron transfer chain from substrates to
oxygen.”* These compounds are particularly useful to illustrate the role of the ligand surroundings
in determining the properties of the complexes, and the different structural properties of copper(I)
and copper(I).”” A tetrahedral environment is favoured for the Cu' ion, while Cu" is more stable in
a tetragonal coordination. In blue copper proteins, the Cu" ion is forced by the protein environment
to be in a tetrahedral coordination, which enhances the absorption coefficient and drastically lowers
the reorganization energy upon electron transfer (thus increasing the reaction rate, according to
Marcus theory). Remarkably, also the reduction potentials are carefully matched to those of the

adjacent units in the electron transport chain, as a result of evolution pressure.

23



1.4. Homoleptic copper(l) bis-phenanthroline complexes

Since the discovery of the room temperature luminescence of copper(I) diimine complexes
by McMillin ([Cu(dmp),]”, dmp = 2,9-dimethyl-1,10-phenanthroline) and Sauvage ([Cu(dpp).]’,

76,717

dpp = 2,9-diphenyl-1,10-phenanthroline), there is a growing interest in the photophysical and

structural properties such compounds, which have been investigated by a large number of
groups.””®” The presence of relatively long-lived excited states opens the way to a rich
photochemistry, which is not possible with completely non emissive compounds such as
[Cu(phen),]” (phen = 1,10-phenanthroline).

Various aspects of copper(I) diimine complexes will now be covered, in order to provide

useful elements that will be used throughout this thesis work.

1.4.1. Structure

In copper(I) diimine complexes, the metal is characterized by a d'” electronic configuration.
The completely filled external electronic shell results in a symmetrical distribution of the electron
density, which favours tetrahedral arrangement of the ligands around the metallic ion. As will be
explained in detail later on, structural properties have a strong influence on copper(I) complex
photophysical and electrochemical properties. For this reason, it is important to analyse the possible
distortions from the tetrahedral symmetry that can occur in solution and in the solid state. Typically,
phenanthroline ligands have a bite angle around 82° and average Cu-N distances are around 2.0 A.”®

The structure of a tetrahedral diimine complex is shown in Fig. 1. 16. 6, 0, and 0, are the

angles defined by the two ligands.

) i) i) R

N. Ro =
= (652
SR,

O =Cu?*

Fig. 1. 16. Left: structure of a copper(I) bisphenanthroline complex in its ground state with indication of the (i)

wagging, (ii) rocking and (iii) flattening distortions.” Right: orientation of the axes, with the two ligands lying in the xy

and xz planes. 0y: flattening; 0,: wagging; 0,: rocking.
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In a perfectly tetrahedral structure, Oy = 6, = 0, = 90°. Their values are used to define, in
distorted structures, the flattening, wagging and rocking distortions, respectively, as indicated in the

figure above.

70,78

The parameter cp (combined distortion) was proposed in order to include all the

distortions in the same value, and is defined by the Eq. 1.14:
_ (90°+8,)(90°+6,)(90°+6,)
180°

CD

Eq. 1.14

In a tetrahedral system, {cp = 1, while the value decreases for distorted structures. The 0 values can
be obtained from X-ray or calculated structures.

Several explanations were put forward to clarify the forces that control the complexes
geometry, and two main contributions were identified. Originally, the strong influence of packing
forces within the crystal was identified, mediated by intermolecular stacking between the ligands

80,81 : - -
" For this reason, counterions were observed to play a role in

bound to adjacent metal centres.
determining the solid state electronic spectrum: bulkier ions reduce the intermolecular interactions
and thus reduce the packing forces within the crystal. In complexes with aryl substituents, however,
intramolecular stacking also comes into play as pointed out by Sauvage and co-workers for the case
of [Cu(dpp)2]",* but the presence of the aryl groups was proven not to be a sufficient condition to
have such rocking distortion leading to a pyramidal geometry.*’ When the free rotation of the aryl
rings is restricted, like in the case of complexes with 2,9-diphenyl-3.,4,7,8-
tetramethylphenanthroline (dptmp, see Fig. 1. 19), the structure exhibits a reduced flattening
distortion.”!

Concerning solution structure, since the packing forces are suppressed, they are mainly due
to intramolecular interactions. Homoleptic complexes with 2,9-dialkyl substituted phenanthroline
ligands tend to exhibit a nearly tetrahedral structure in solution, while the 2,9-diaryl substituted
undergo severe distortions due to the n-stacking between the aryl rings.

Structural difference between copper(I) and copper(Il) complexes is now briefly mentioned,
because it has major consequences on the photophysical and electrochemical properties of these
compounds. Copper(Il), in fact, has a d’ configuration, and tends to have a tetragonal geometry. The
distortion is due to the increase of the overlap between the -donating orbitals of the ligands and the
dyy orbital of the copper ion, formally half-occupied in the d’ electronic conﬁguration.78 Moreover,
increase of the coordination number from 4 to 5, upon binding of a ligand in the axial position, is a
usual process, that finally leads to an overall pyramidal structure. If we consider the structure
reported in Fig. 1. 16, this structural change is sometimes claimed to be a Jahn-Teller distortion

with flattening of the tetrahedral geometry (decrease of the dihedral angle between the two ligand
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planes, 6). Therefore, the presence of bulky substituents in the 2 and 9 positions of the
phenanthroline ring, which prevents the flattening deformation, has direct consequences on the

relative stability of the two oxidation states.®

1.4.2. Absorption properties

The UV-Visible absorption spectrum of copper(I) diimine complexes is characterized, in the

UV portion, by the n-n* transitions typical of the phenanthroline ligands. These intense bands have
molar extinction coefficients around 5-6:10 M'em™. At lower energies (the blue part of the visible
region) is the broad and less intense metal-to-ligand charge transfer (MLCT) transition, with a
maximum wavelength around 450 nm and molar extinction coefficients ranging from 3-10° to
1.5:10* M'em™.** These transitions occur at low energy because the 3d orbitals of the copper(I) ion
are high in energy and easily accessible, and phenanthroline possesses low-lying empty n* orbitals,
that can accept an electron. The localized nature of the transition, leading formally to a
[Cu'(phen)(phen™)]" excited state, was assessed by Raman spectroscopy and by transient
absorption studies.®*® The HOMO and HOMO-1 are mainly composed of metal centered, dy,y,
orbitals, while the LUMO is constituted of ligand-centered = orbitals, bonding in the ligand region
and antibonding in the metal region.”” Since nearly 50% of the solar spectrum reaching the earth
surface is composed of visible photons (against only 2-3% of UV photons), this MLCT band is
particularly interesting from the point of view of solar energy conversion.
The MLCT structure of the excited state is very reminiscent of ruthenium polypyridine complexes,
underlining the great potential of copper(I) complexes as substitutes to the former. Moreover, the
copper(I) nature of the excited state is bound to have consequences on the behaviour of the excited
state; those will be developed in detail below.

From an analysis of the MLCT absorption, three different contributions can be identified:*
following the terminology proposed by Ichinaga and colleagues, they are termed bands I, II and III
in order of increasing energy (Fig. 1. 17, left). Band I is usually found at wavelengths above 500
nm, band II between 430 and 480 nm and band III, whose Anayx 1S situated at 390-420 nm, is often
hidden by the onset of other bands. Band I can be assigned to a S;«—S, transition, while band II,
more intense, corresponds to a Sy«S transition.®’ The relative intensity of the three contributions
to the overall spectrum is strongly dependent on the complex symmetry, which is in turn influenced
by the geometry in the ground state.”” In particular band I is quite intense in the spectrum of
complexes having D, symmetry, i.e. flattened structure.®’ A good example is the case of complexes
with 2,9-bisaryl substituted phenanthrolines, like dpp (2,9-diphenylphenanthroline). Since

[Cu(dpp)]” was first published, in 1983,”" its peculiar absorption behaviour has been pointed out.
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The spectrum displays a broad shoulder at 550 nm, absent in the spectrum of [Cu(dmp),]". The
same behaviour was observed for catenates and other complexes bearing aryl substituents on the

90,91

phenanthroline ligands. Interestingly, the low energy shoulder nearly disappears in the

electronic spectrum of [Cu(dptmp);]” (dptmp = 2.9-diphenyl-3,4,7,8-tetramethyl-1,10-
phenanthroline)’® because the methyl groups at the 3 and 7 positions limit the extent of the

flattening distortion at the ground state (Fig. 1. 17, right).

4
A
’, 5‘ i
’
I
l. : .

2 » , Absorption T
e ' 1 :\ l'ﬂ
- : E 2
. ‘l ’ S 4 ] gq
5 IIX ' T::' 2.
= ' : < T
'e II 1 (%] E

A ]
- ' " 2
> X I = 2 =
c N
@ \
E -

S~ 0 - — "

00 _s00 800 700
Minm

350 450 550 650 750 850
Wavelength (nm)

Fig. 1. 17. Left: Absorption spectra of [Cu(dmp),]" (- - -) and [Cu(dpp).,]" (—), the bands I, IT and III are indicated in
grey.”” Right: absorption spectra of [Cu(dpp),]” (A) and [Cu(dptmp),]" (B).”> C: emission spectrum, not pertinent. All

the spectra are recorded in dichloromethane.

Concerning absorption spectra in the solid state, it was observed that flattening distortion
from the tetrahedral symmetry, due to intra- or intermolecular forces, plays a major role in
determining the shape of the spectrum. If the dihedral angle between the phenanthrolines is close to
90°, the solid appears as a red to orange powder. Conversely, if the angle is much smaller, a low
energy contribution appears and the solids are violet.*' On the contrary, rocking distortion has a

smaller impact on the absorption properties.
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1.4.3. Emissive excited states

Luminescence properties of copper(I) diimine complexes were discovered in 1980 by
McMillin and co-workers, for [Cu(dmp),]".”® These compounds exhibit a very broad and red-
shifted emission around 700 nm, with very low intensity (quantum yield around 107).
Luminescence measurements conducted in different solvents evidenced a strong quenching in polar
solvents, like acetonitrile or methanol, where the above mentioned compound did not emit any
more.

The accepted explanation for this behaviour is the so-called exciplex quenching (graphically

represented in Fig. 1. 18), proposed by McMillin and colleagues.**”

This phenomenon is due to the
remarkably different geometry and coordination number for Cu' and Cu" complexes. In fact, as the
lowest energy absorption has an MLCT character, in the excited state the copper(l) ion is formally
oxidized to copper(Il) and the complex undergoes a severe flattening that opens the way to the
attack by a coordinating molecule, such as the solvent or the counteranion. In particular, potentially
coordinating solvents like acetonitrile or DMF, or counteranions like nitrate efficiently quench the
luminescence of these complexes.” Moreover, according to Jdrtner’s energy gap law, the
nonradiative rate constant increases exponentially with the decrease of the energy gap between the

ground and the excited state. The stabilization of the tetragonal MLCT state by formation of an

exciplex results thus in a strong luminescence quenching.®’

Franck-Condon State

Cu(ln* « Flattened » - MLCT State
\ Cu(l MLCT State —
Solvent Complex

I)*
\

A Jahn-Teller
Distortion
Strong Cu(ll)
i Interaction
Ke+Knee Weak
Interaction

cul) cu()

Ground State

Fig. 1. 18. Excited-state processes for a [Cu(dmp),]" complex, interacting with an acetonitrile solvent molecule. ™
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Bulky groups at the 2 and 9 positions efficiently increase the excited-state lifetime thanks to
a double steric effect. On one hand they prevent the complex from flattening, and thus from
reducing its energy content, and on the other hand they screen the copper ion from the attack of

solvent molecules leading to exciplex formation.”

A particularly interesting compound 1is
[Cu(dpp),]” (dpp = 2.9-diphenyl-1,10-phenanthroline).”” This complex displays long-lived
luminescence (310 ns in CH,Cl, at room temperature), explained by an effective protection of the
copper ion (formally in +2 oxidation state after excitation) from the attack of nucleophiles in
solution. This fact was also proved by studying the structural properties of [Cu(dpp).]” and
[Cu(dpp),]*" (used as a model of the excited state): the latter shows four-coordination, a rare
phenomenon for Cu' complexes which indicates a very hindered coordination sphere.”” Another
example of extremely bulky, strongly luminescent complex is given by [Cu(dtbp),]” (dtbp = 2,9-
di-z-butyl-1,10-phenanthroline), which has a lifetime of 3.3 ps in dichloromethane solution.”® The

emission properties, however, are compensated by an easy ligand displacement to release the strains

in the coordination cage. The structures of the ligands are given in Fig. 1. 19.

dmp dpp (R: H) dbp (R: H) dtbp
7=90 ns 1=310ns 1=150 ns 7=3300 ns
dptmp (R: CH3) dbtmp (R: CHj)
1=480ns 1=920 ns

Fig. 1. 19. Structure of some ligands and emission lifetime of the corresponding copper(I) homoleptic complexes.””**%

The atom numbering of the phenanthroline core is reported on the dmp ligand.

The excited-state structure is also influenced by the presence of substituents in positions 3
and 8 of the phenanthroline core. These groups markedly influence the geometry of the complexes,
providing a strain that lowers the flattening distortion of the relative complexes in the excited state.
The phenyl groups are forced to twist with respect to the phenanthroline core providing a more
effective shielding of the metallic ion in the excited state.”

The study of the temperature dependence of the emission spectra of a series of copper(I)

diimine complexes, among which [Cu(dmp),]’, evidenced a blue shift and an increase of the
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luminescence quantum yield upon increasing T.”” This rather unusual behaviour was explained
through a “two-state” model, considering the thermal equilibrium between two emissive MCLT
states, singlet and triplet. The energy difference between the two is estimated to be between 1500
and 2000 cm™,*%® so that at room temperature the majority of the molecules is in the triplet state,
but the singlet can be reached by thermal activation. The radiative rate constants of the two states
are very different (10’ s for 'MLLCT and 10* s™ for *MLCT), and the emission mainly results from
the deactivation of the singlet state, even if it is definitely less populated. This contributes to explain

why copper(I)-phenanthroline complexes are generally speaking weakly luminescent.

1.4.4. Probing the excited state distortion: pulsed spectroscopic techniques

As introduced before, understanding the geometrical and electronic structure of the excited
state is a fundamental instrument to rationalize and control the excited-state properties of copper(l)
complexes. DFT calculations carried out on dialkyl substituted [Cu(NN),]" structures anticipate a
severe flattening of the complex in the MLCT excited state, with a decrease of the dihedral angle
between the two phenanthrolines from around 90° (ground state) to around 70° (excited state). At
the same time, Cu-N distances shorten slightly.

Important experimental data on the excited-state distortion have been obtained by means of
pump-probe spectroscopic techniques, allowing to follow the evolution of the molecules on very
short timescales after excitation. These spectroscopic techniques use a first laser pump in the visible
region (Amax ~ 450 nm), followed by a probe pulse of different energy, depending on the aspects that
are examined. The majority of the studies concentrate on the use of X-ray (XANES, EXAFS) or
visible probe pulses (transient absorption spectroscopy). Time-resolved fluorescence also provides
important information.

X-ray pump-probe techniques as XANES (X-ray Absorption Near Edge Spectroscopy) gave
strong evidence for exciplex formation, with coordination of a fifth ligand after the structural
distortion from tetrahedral geometry. Interestingly, solvent coordination was observed both in
acetonitrile *” and toluene,” albeit with different strengths. More recent results, obtained with a
quantitative analysis of XANES data coupled with calculated spectra, evidence a significant rocking
distortion in the exciplex structure.'*

Pump-probe experiments based on visible transient absorption and time-resolved
fluorescence measurements also helped to shed more light on the excited-state dynamic processes

4,101 . .
8994101 Extensive studies

and the influence of bulky groups that rigidify the coordination sphere.
conducted on the simple model [Cu(dmp),]" afforded a precise picture of the different processes

occurring in the first instants after excitation (Fig. 1. 20).¥ Right after the laser pulse (exciting in
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the S;«<—Sy band, in the red side of the MLCT), the system remains in the “tetrahedral” Franck-
Condon state for a short finite time due to the presence of a shallow minimum in the potential
energy surface of the excited state. If the higher singlet states are populated (excitation at Amax), the
internal conversion to S; occurs on an ultrafast timescale. The decay to the flattened excited state
occurs with a short time constant of around 0.8 ps, and is followed by ISC to the lowest triplet state
in around 10 ps. Interestingly, intersystem crossing occurs on a relatively slow timescale, much
slower than for Ru" bipyridine complexes for example (40 fs), due to the lower spin-orbit coupling

192 The kinetic

for Cu' complexes and to the structural distortion occurring in the 'MLCT state.
constants below 20 ps appear to be solvent independent.

Transient absorption studies combined with TD-DFT calculations correlated the evolution of
the MLCT transient absorption with the dihedral angle between the two ligands planes. The

structural flattening provokes in fact a blue-shift and a narrowing of the TA band.*’

'“31!
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Fig. 1. 20. Diagram of the potential energy surfaces of the ground and excited states of [Cu(dmp),]", with indication of

the photoinduced structural change in terms of flattening angle.®

If the flattening distortion is prevented by the presence of very bulky groups at the 2 and 9
positions of the phenanthroline, for example in [Cu(dtbp),]” (dtbp = 2,9-di-t-butyl-1,10-
phenanthroline, Fig. 1. 19), a different behaviour is observed.” In this case there is no short time
component and the intersystem crossing to the T; state is more rapid, as proven by the time-
resolved fluorescence data. The complex has an outstanding excited-state lifetime of 1.9 pus in

dichloromethane.
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All in all, it appears mandatory to functionalize the phenanthroline core in a of the chelating
nitrogen atoms with sterically challenging groups to obtain excited states with long lifetimes. This
is an inescapable feature to design an efficient photosensitizer for light conversion into chemical

energy. But thermodynamics play a major role too, as will be exposed now.

1.4.5. Ground and excited states redox properties

The electrochemical properties of copper(I) complexes are fundamental to understand their
behaviour in photoinduced processes and, just like for the luminescence, they are strongly related to
the different geometrical structure of Cu' and Cu'".

The reduction of usual copper(l) ditmine complexes occurs at quite low cathodic potentials,
usually between -1.5 and -1.7 V vs. SCE in acetonitrile.”"'® The extra electron is located in a
ligand-centred n* orbital (as confirmed also by quantum mechanical calculations).

The oxidation process consists in the removal of an electron from the copper-centred
HOMO. The oxidation of copper(I) into copper(Il) is accompanied by a severe flattening of the
pseudo-tetrahedral structure, in order to evolve towards the more stable tetragonal coordination.
Thus it is not surprising that bulky groups at the 2 and 9 positions of the phenanthroline ligands,
that prevent the flattening distortion, destabilize the copper(Il) form of the complex and shift

1

anodically the potential of the Cu™" redox couple. Moreover, from an electrochemical point of view,

this couple is “quasi-reversible”, which indicates that there is an important structural change

between the forward and the backward electron transfers at the electrode.'**'*” Assuming that there

are no electron donating nor withdrawing ligands, the cu™

91,92

oxidation potential can be used as a tool
to evaluate the rigidity of the coordination sphere.
Electron-withdrawing ligands have also been used, and they shift both the oxidation and the

reduction potentials towards anodic values. Some examples are represented in Fig. 1. 21.

tptap bfp ocp

Fig. 1. 21. Structure of tptap (2,3,6,7—tetrapheny1-l,4,5,8-tetraazaphenanthrene),106 bfp (2,9-bis(trifluoromethyl)-1,10-

107 108

phenanthroline ) " and ocp (octachloro-1,10-phenanthroline).
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Electrochemical data coupled to the analysis of absorption and emission spectra allow us to
calculate the excited state redox potentials (Eq. 1.4 - 1.5). Let us consider for example the properties

of [Cu(dpp).]", a well-studied complex which exhibits quite intense and long-lived luminescence.

. _ “[Cu(dpp)]”
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Fig. 1. 22. Photophysical and electrochemical properties of [Cu(dpp),]*, reported vs. SCE.”* * Lowest energy excited

state. ** State populated by excitation in correspondence of the absorption maximum, by spin-allowed transition.

It can be observed that this species is a powerful reductant in the excited state, even more
than the extensively used [Ru(bpy);]*" (Esys+ = - 0.85 V).* This property is due to a quite low
oxidation potential in the ground state, compensating the lower energy content of the excited state.
On the contrary, copper(I) complexes are known to be quite poor photooxidants, as shown by the
low Eg+s. potential.

In light of the data reported above, it is not surprising to find more reports about oxidative
quenching of copper(I) diimine complexes than about reductive quenching. The first reports of
photoinduced bimolecular electron transfer consider the excitation of [Cu(dmp),]", which was used
to reduce cobalt(Ill) complexes in ethanol/water;'”""" Ni(III) and Mn(III) were also used as

112
electron acceptors.

Photoinduced electron transfer to viologens showed that the copper(I)
complexes exhibited even better properties than ruthenium(Il) complexes.'”® Reductive quenching
of excited copper(I) complexes was achieved using complexes with electron withdrawing ligands,
like [Cu(tptap),]” reported above, and ferrocene derivatives as the electron donors.'®

A peculiar characteristic of copper(I) complexes, when photoinduced electron transfer is
concerned, is the large reorganization energy due to the remarkable structural changes in passing
from Cu' to Cu". The A value for [Cu(phen),]” was calculated to be around 2.4 eV by Gray and
colleagues.”*''* Since the lowest energy excited state has an MLCT nature (which can be described
as [Cu"(phen)(phen')]"), a reductive quenching is expected to have a considerably higher A; factor

(according to Marcus’ formalism) than oxidative quenching. This is due to the fact that an oxidative

quenching consists in the removal of an electron from an orbital with mainly n* character, the
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copper ion being already in the +2 oxidation state, while reductive quenching consists in the

population of a do* orbital and related structural change of the coordination sphere.”®'"’

1.5. Copper(l) diphosphine complexes

The research on copper(l) diphosphine complexes began more recently, if compared to that
on diimine complexes. However, these complexes show extremely interesting luminescence
properties, that paved the way to their use for the construction of different kinds of devices. The
properties of this family of complexes will be described, followed by a brief overview of some

applications. Mixed NP ligands were also investigated,” but they will not be described here.

1.5.1. Mixed diphosphine-diimine complexes

The discovery, in 2002, of the astonishing luminescence properties of
[Cu(DPEphos)(dmp)|BF4 (Fig. 1. 23) and [Cu(DPEphos)(dbp)|BF, fostered numerous studies

about the properties of this class of compounds.'"’

These two molecules exhibit very long excited-
state lifetimes (14.3 and 16.1 s, respectively) and rather high emission quantum yields (around
0.15). The phosphine ligand has in fact a much wider bite angle than phenanthroline derivatives
(around 115°), which acts on the excited-state lifetime in two ways. First of all by efficiently
screening the complex from exciplex quenching, and secondly by preventing the excited-state

flattening, that constitutes an energy loss and therefore increases the nonradiative rate constant

according to the energy gap law."'® Unlike [Cu(NN),]" complexes (where NN is phenanthroline or a

2,9-disubstituted phenanthroline) DPEphos copper(I) complexes exhibit luminescence even in
1116

coordinating solvents like acetonitrile or methano

Cu-P(1) 2.2691 A
Cu-P(2) 22728 A
Cu-N(1) 2.104 A
Cu-N(12) 2.084 A
PCuPANCuN 97.7°

Fig. 1. 23. X-ray structure of [Cu(DPEphos)(dmp)]BF,, with some angles and bond distances.''®
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The high steric hindrance of DPEphos also has remarkable consequences on the

W1

electrochemical properties of the complexes, indeed the redox potential of the Cu™ couple is

anodically shifted (E;, ~ 1.4 V vs. Ag/AgCl) with respect to copper(I) diimine complexes. The
electron withdrawing character of the diphosphine ligand is also responsible for this shift.'"”

The X-ray structure of the complexes shows that the ether O atom is at a nonbonding
distance (Cu-O > 3.1 A),''® and that the molecules display very limited flattening distortion, with
the exception of [Cu(DPEphos)(phen)|BF; which has important intermolecular stacking
interactions in the solid. In general, moreover, a less hindered structure is expected to be more
flexible and therefore more prone to undergo distortions in solution too. The P-Cu-P angle measures
about 115° which is much closer to the 109° angle present in a perfect tetrahedral structure than the
small bite angles of diimine ligands (phenanthroline or bipyridine).'"”

The electronic absorption spectrum displays scarcely intense, high energy MLCT transitions
around 360 nm (¢ ~ 3000 M'cm™). At higher energies, the absorption is dominated by intense
ligand-centred bands. The localization of the frontier orbitals is obtained from quantum mechanical
calculations: the HOMO 1is centred on the copper(I) ion, with important contributions of the
phosphine ligand, while the LUMO is localized on the phenanthroline ligand like in copper(I) bis-
diimine complexes.''”""” Theoretical studies also point out that the absorption transitions are best
described in terms of multiconfigurations, using linear combinations of occupied and virtual

orbitals.''®

Moreover, the participation of a copper(I) d orbital in the lowest lying electronic
transition is considered to play an important role in inducing efficient spin-orbit coupling and
therefore improving the phosphorescence quantum yield.'*’
The astonishing luminescence properties of copper(I) diphosphine complexes are at the
origin of the success of these compounds for different applications, mentioned in paragraph 1.5.3.
The bulky binap ligand was also tested, in combination to phenanthroline, bipyridine or
neocuproine, but low emission was obtained, probably because this ligand is less effective in

screening the excited complex from the attack of solvent molecules.'?!

1.5.2. Bis(diphosphine) complexes

Homo- and heteroleptic complexes containing exclusively diphosphine ligands (see Fig. 1.
24) were also studied.'”*'* The formation of homoleptic structures occurs for ligands with a
relatively small bite angle, like diphenylphosphinobenzene (dppb) or diphenylphosphinomethane
(dppm). In the case of bulky ligands, DPEphes, diphenylphosphinoethane (dppe) or
diphenylphosphinopropane (dppp), having wider bite angles, the steric factors destabilize the

homoleptic species favouring the formation of heteroleptic complexes with smaller complementary
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ligands. As seen before for [Cu(PP)(NN)]" species, these complexes exhibit low intensity
absorption bands in the near UV, conferring a yellow colour to the molecules both in the solid state
and in solution. Luminescence properties are less impressive than those shown by the previous
series, with an emission quantum yield around 10, but [Cu(DPEphos)(dppb)]” (Fig. 1. 24; ® =
2%; t = 2.4 ps) showed a good performance when incorporated into an electroluminescent light
emitting device.'” Emission studies about the homoleptic [Cu(dppb).]” evidenced a temperature
dependence of the luminescence behaviour similar to that of copper(I) diimine complexes: a
decrease of emission intensity and energy upon temperature decrease. A two-state model was

therefore assumed.
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dppb dppm: n=1 [Cu(DPEphos)(dppb)]* dppQx
dppe: n=2
dppp: n=3

+ 122,123

Fig. 1. 24. Structure of some diphosphine ligands and of complex [Cu(DPEphos)(dppb)]

Other scarcely hindering diphosphine ligands were proposed, for example 2,3-
bis(diphenylphosphino)quinoxaline  (dppQx, Fig. 1. 24).* This ligand is similar to
diphenylphosphino benzene for the rigid structure and the size of the chelating unit. Unfortunately,
its copper(I) complexes, even when DPEphos is used as the complementary ligand, did not show

emission, which was explained as a ligand-induced quenching.

1.5.3. Applications of luminescent copper(l) diphosphine complexes

The outstanding luminescence properties displayed by copper(l) diphosphine complexes
were exploited for different applications. In the quest for possible substitutes for Ir'! complexes as
electrophosphorescent emitters in organic light-emitting diodes (OLEDs), many copper(])
diphosphine complexes were proposed. Interestingly, some of them provided a device efficiency

111

comparable to that obtained with Ir'" emitters.'*>'%’ Recently, some neutral copper(I) complexes,

obtained by combining DPEphos and an anionic complementary ligand, have been

36



synthesized.'**'?’ Besides their good luminescence properties, the neutral charge allows to envisage
sublimation processes to assemble the devices. The use of these compounds has also been
investigated for the use in light-emitting electrochemical cells.'**

Another field of application of strongly emissive copper(I) diphosphine complexes is
oxygen sensing, where these compounds exhibited good sensitivity factors and short response

. 131,132
times. "

1.6. Clusters

Another family of copper(I)-containing compounds is constituted by clusters.'”"** These
structures are usually composed of several copper(I) cations, bound to halide anions and organic
ligands, and have general formula Cu,X,L,, (X: halogenide; L: organic ligand).70 Their main
characteristic is constituted by the presence of direct metal-metal bonding. Depending on the ratio
of the reactants (Cu', halide, organic ligand), clusters can exist in different structures, for example
cubanes, [CuXL;], dimers or staircase polymers. Since copper(I) complexes are quite labile, and
tend to undergo a rapid ligand exchange in solution, thermodynamic stability is the driving force for
the formation of new species. Moreover, the potential energy surface for these molecules is quite
flat, favouring the interconversion between different structural motifs.

Cuprous clusters with different organic ligands were the object of structural and
photophysical characterization. In particular, the attention focussed on cuprous iodide clusters.
Originally, pyridine ligands were used,'*>'** but the investigation extended also to alkynyl'*® and

phosphine ligands.""!*®

Fig. 1. 25. Cubane structure of a copper cluster with pyridine ligands.'*®

An important characteristic of copper(I) clusters is their intense luminescence, which exhibit

a peculiar thermochromic behaviour, with two emission bands whose relative intensity depends on
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the temperature. The emission originates from two excited states: a ligand-to-ligand charge-transfer
state (XLCT: halogenide — ligand L) that dominates at low temperature, and a mixture between an
XMCT (halogenide-to-metal CT) and a CC (cluster-centred transition, involving metal orbitals) that

is recorded at room temperature.

1.7. Elaborated supramolecular structures based on copper(I)

Due to their suitable tetrahedral coordination sphere, copper(I) complexes have been
extensively used for the elaboration of structurally elaborated supramolecular structures. Looking at
literature, two different classes of compounds can be identified. The first one is constituted by
mechanically interlocked molecules (MIMs), whose study was abundantly developed by Sauvage
and colleagues in the early 1980s. The second class includes structures like nano-grids and
polygons, and was extensively studied by Lehn first, followed by many other groups.

The HETPHEN (HETeroleptic PHENanthroline) approach towards the synthesis of stable
heteroleptic copper(I) complexes will finally be described, as it is a fundamental concept that will

be used for the elaboration of all the coordination compounds presented in this thesis.

1.7.1. Mechanically interlocked molecules

Mechanically interlocked molecules are supramolecular systems where the subunits are kept
together as a consequence of their topology, without direct bonds between the units, analogous to
two adjacent links in a chain. The first syntheses for this kind of molecules were based on a
statistical approach and led to extremely low yields after complicated syntheses.'” Sauvage’s idea
of using metal-templated synthesis was a real breakthrough in the field, and allowed to prepare
extremely elaborated supramolecular structures like rotaxanes, catenanes and knots (Fig. 1. 26).
Detailed reviews have been written that give a good overview of the research advancement on this
topic,'* so only the basic principles will be given here.

The metal-templated synthesis of interlocked molecules is based on two steps. At first, the
elements are put in the suitable relative position by means of the coordination to the metal ion, with
generation of the cross-over points. The tetrahedral coordination of copper(l) is particularly useful
at this stage, as it allows to keep the two elements nearly perpendicular to each other. Afterwards,
new covalent bonds are formed that provide the interlocked system (ex. stoppering reaction for
rotaxanes, ring closing for catenanes). Most importantly, the mechanical bond is maintained even if

the templating metal ion is removed. From the point of view of Cu' complexes synthesis, here the
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preparation of heteroleptic structures is achieved by means of circular ligands, where the formation
of the homoleptic species is impeded by the presence of the ring.

Mechanically interlocked molecules have been used for the construction of many molecular
machines, where the motion is triggered by chemical, electrochemical, photochemical or thermal

stimuli.'!

Fig. 1. 26. Schematic structure of metal-assembled rotaxane, catenane and knot, with examples.'40

1.7.2. “Open” structures

The fundamental difference of this class of molecules with respect to the previous one is that
the metal ion has an important structural role in the supramolecular assemblies, that are completely
destroyed if the latter is removed from the coordinating cavity. Self-assembling supramolecular
structures are interesting for different kinds of applications, among which information storage'** or
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encapsulation of small molecules.
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Fig. 1. 27. Structure of a nanogrid."**
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The construction of such structures involves the use of multitopic ligands (containing

)'** which are held together by

pyridines, phenanthroline, bipyridines, catechols, terpyridines, ...
coordination to metallic ions. As in the previous paragraph, Cu' has been extensively used due to its
tetrahedral coordination and mild synthetic conditions for the coordination reaction.

5

Among the published structures, we can find helic:ates,14 circular helic:ates,146 grids,]42 ladders,

"3 1n this case, as the formation of homoleptic complexes is usually

racks, cylinders '*” and cages.
possible upon ligand scrambling, the formation of heteroleptic structures was achieved by using

highly hindered ligands, as it will be explained in the following paragraph.

1.7.3. Heteroleptic copper(l) diimine complexes: the HETPHEN approach

The extreme lability of Cu' complexes prevented for long time the isolation of pure
heteroleptic copper(I) diimine species. The fast ligand scrambling in solution, when two different
ligands are present, leads in fact to a statistic mixture of the three possible coordination

* who proposed an

complexes.'” This problem was solved in 1997 by Schmittel and Ganz,’
approach based on the combination of two 2,9-disubstituted phenanthrolines giving pure
heteroleptic species. The protocol, called HETPHEN (HETeroleptic PHENanthroline) consists in
combining a highly hindered ligand with another one bearing less bulky groups in the 2 and 9

positions of the phenanthroline core (Fig. 1. 28).

+ [Cu(CH3CN)4JPFg ———>

heteroleptic complex

Fig. 1. 28. HETPHEN approach for the synthesis of heteroleptic copper(I) diimine complexes.
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The bulky groups can be aromatic (like mesityl, 2,4,6-trimethylphenyl) or aliphatic (for
example fert-butyl). The advantage in using aromatic rings is the stabilization of the resulting
heteroleptic complex by m-stacking with the opposite phenanthroline ligand. The opposite ligand
can be an unsubstituted phenanthroline or an alkyl-substituted one. The use of bulky diphosphine
ligands (for example DPEphos) to build heteroleptic copper(I) complexes is based on the same kind
of concept.

The synthesis is performed following a two-step protocol, which can be conducted in one
pot without isolating the intermediate species. In order to obtain the pure heteroleptic compound,
the Cu' precursor is first reacted with a slight excess of the most hindered ligand. The formation of
the sole 1:1 adduct at this stage is due to the extreme steric hindrance provided by the bulky groups,
preventing the formation of the homoleptic 2:1 complex. The addition of the second ligand leads to
the instantaneous formation of the heteroleptic complex, indicated by a sudden colour change of the
solution due to the MLCT absorption of copper(I) bis-diimine.

The HETPHEN approach will used throughout this thesis in order to build the heteroleptic

copper(I) complexes.

1.8. Copper(l) for solar energy conversion

In the last paragraphs, the structural, photophysical and electrochemical properties of
copper(I) complexes were described. In light of the mentioned data, these compounds appear as a
really interesting alternative to ruthenium(Il) complexes in the field of solar energy conversion.
They exhibit visible absorption thanks to an MCLT band in the blue region of the visible spectrum,
have fairly long-lived excted state and are good photoreductants. Indeed, the fundamental studies
reported above triggered some research work aimed at using copper(I) complexes as the light
absorbers in order to achieve charge-separated states or to sensitize wide band gap semiconductors.
The advancements in these domains will be described in greater detail in chapter 4 and 5,
respectively. For example, a 2.5% efficiency was reached in DSSCs using a copper-based dye (see
chapter 5).

In order to use copper(I) complexes as possible substitutes for ruthenium(Il) complexes, however,
some issues have to be dealt with, in particular the low absorption coefficient and the quite short
excited-state lifetimes. This and the construction of molecular building blocks for the synthesis of
elaborated heteroleptic structures will be the focus of chapters 2 and 3. In the last two chapters (4
and 5), copper(I) complexes will be used as chromophores to build photosensitive polyads and

sensitizers for DSSCs.
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CHAPTER 2

A toolbox to build heteroleptic copper(I) complexes with

phenanthroline ligands

2.1. Study of the coordination cage structure

As pointed out in the previous chapter, the coordination cage structure, and in particular the
presence of encumbering groups in the positions 2 and 9 of the phenanthroline molecular skeleton,
has major consequences on the photophysical and electrochemical properties of the resulting
copper(l) complexes. It appears therefore fundamental to conduct a study about different
substitution patterns on the phenanthroline ligands, as it has been previously done in literature for
homoleptic copper(I) complexes,'™ in order to be aware of their influence on the properties of
heteroleptic compounds. Having these results in mind, it will be possible to elaborate new structures
with controlled properties to match the requirements for the different applications in solar energy
conversion.

The heteroleptic structure is essential if one wants to fine tune the functionalities of
copper(I) complexes as photosensitive chromophores. Indeed, the applications in photoinduced
electron transfer and semiconductor sensitization require directionality of the charge transfer and
thus the use of different ligands around Cu'. The linear arrangement provided by the tetrahedral
coordination is also useful for the construction of well-defined structures with a maximized and
controlled distance between the different components.

The fundamental concept that should be kept in mind is that the synthesis of heteroleptic
copper(I) complexes relies on the combination of an encumbered ligand, containing bulky groups in
the 2 and 9 positions, with a less hindered one, containing small groups such as mere hydrogen
atoms or alkyl chains (HETPHEN approach, see paragraph 1.7.3).” Furthermore, strong steric
hindrance around copper is responsible for a dramatic increase of the emission lifetime,** and at the

1

same time for an increase of the oxidation potential of the Cu " redox couple. The latter is caused

by the different structural arrangement of the ligands around the Cu' and the Cu".* Elevated excited
state lifetimes are normally a basic requirement when an exploitation of the excited state energy is
planned (photoinduced charge transfer, photosensitization of catalysts), however this is not always
true (for example, in the case of TiO, sensitization, which will be treated more extensively in

chapter 5). In general, in this thesis work, the aim of getting excited states as long-lived as possible
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was pursued. An accurate balance has to be done in order to increase the steric hindrance around the
copper ion (and prevent the flattening distortion in the excited state) without affecting the stability
of the complex. Very hindered structures lead to impressive emission lifetimes, but at the expense
of stability, as in the example of the [Cu(tbp),]".” Indeed, this complex is not stable in presence of
moisture and must be prepared in a glovebox, which represents a severe limitation for its practical
use.

The aim of the research work presented in this chapter is first of all to put into shape the
overall guidelines to prepare stable heteroleptic complexes which are compatible with solar energy
conversion purposes. This necessitates a few important features, among which absorption in the
visible domain of the solar spectrum, a positive enough oxidation potential (to provide significant
driving forces for the photo-induced processes), and existence of a decently long-lived excited state.
To achieve this task, we propose to study different coordination cages, with differently substituted
phenanthroline ligands. In all cases, a mesityl bearing ligand will be used (bulky groups are a
mandatory condition to obtain heteroleptic complexes) with a less sterically challenged
phenanthroline derivative, such as unsubstituted phenanthroline or a phenanthroline bearing linear
alkyl chains in a positions of the chelating nitrogen atoms. First of all a series of heteroleptic
structures having different coordination spheres will be presented (C1-C3, Fig. 2. 1), followed by a
second series based on the use of two original ligands with an extended phenanthroline core (C4-

C8).

Fig. 2. 1. Structures of the complexes C1-C8.
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2.1.1. Synthesis of the substituted 1,10-phenanthroline motif

1,10-phenanthroline is a very extensively used ligand:’ it can coordinate various metal ions
(Ru, Os, Rh, Ir, Cu, ...) and be modified in a controlled way at different positions. It has a rigid and
planar structure, with the two nitrogen atoms conveniently placed to interact with metal cations,
which ensures a strong, entropically favoured, chelation. From an electronic point of view, it is an
electron-poor heteroaromatic system: this characteristic makes it very suitable to stabilize metals in
their low oxidation states, and provides low energy n* orbitals. For this reason MLCT transitions in
the visible region are often observed in phenanthroline-containing metal complexes, together with

red-shifted emissions.

Fig. 2. 2. Structure of 1,10-phenanthroline and position numbering.

The modification of the phenanthroline core can be operated by different means, and each
position can be selectively modified by various means, that will be briefly reviewed.
The Friedldander reaction allows to prepare 2-substituted phenanthrolines by the condensation of 8-
amino-7-quinolinecarboxaldehyde with enolizable ketones in basic conditions.'® This synthesis is
however performed in harsh conditions, in particular high temperatures, and is therefore

incompatible with the presence of certain fragile molecular functionalities.

4 R 2 H,0
/ H + ; —>2
=N NH, 0" Ry

Scheme 2. 1. Friedldander synthesis.

The direct nucleophilic attack of aryl or alkyl-lithium compounds on the bare
phenanthroline, followed by hydrolysis and rearomatization with manganese dioxide,'' affords
either 2,9-disubstituted or 2-monosubstituted cores, and therefore opens the way to the synthesis of
asymmetrical ligands.'? This method was first proposed by Sauvage and co-workers in 1982, and

was used for the preparation of phenanthroline-based catenanes, rotaxanes and knots."> Despite the
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good yields normally provided by this reaction,’ there are cases of very poor yields reported in

literature.’

1. toluene
-78°C, r.t.

+ R-Li ——> / A
2. H0 NH HN

Scheme 2. 2. Phenanthroline modification by nucleophilic attack with organolithium compounds.

An interesting building block is 2,9-dichloro-1,10-phenanthroline, that can be obtained in three

14,15

steps from phenanthroline. This intermediate provides the access to a variety of products

through cross-coupling reactions.’

Scheme 2. 3. Synthesis of 2,9-dichloro-1,10-phenanthroline and its use in cross-coupling reactions.

Phenanthrolines functionalized on the 3, 4, 7 and 8 positions are synthesized starting from
the halogenated precursors. The 3-bromo- and the 3,8-dibromophenanthroline are obtained by direct
bromination of 1,10-phenanthroline.'® The 4,7-halogenated compound is prepared starting from the
dihydroxy derivative by reaction with PBr; in PBrs.'” Cross-coupling reactions afford then a variety
of compounds like multitopic ligands or macrocyclic ligands with exo-coordinating sites.’.

Finally, the central ring (positions 5 and 6, Fig. 2. 2) can be modified in different ways. The
oxidation with commercial bleach under phase transfer conditions affords the 5,6-epoxide in good
yields, and the attack with different nucleophiles allows to obtain many different 5-substituted
compounds.l8 The 5 position, moreover, can be nitrated in a HNO3/H,SO4 mixture and then reduced
to amine, that opens the way to the formation of amide bonds or reaction with electrophiles. '
The oxidation of the central double bond can be achieved with a mixture of HNOs/H,SO4 in
presence of KBr to provide the phenanthroline-5,6-dione,'” that is a useful intermediate towards the
synthesis of more extended polycycles as dppz (dipyrido[3,2-a:2’,3’-c]phenazine, see Scheme 2.
4)*2* or phenanthroline-[a:b]imidazole or oxazole.”>”® The oxidation can also be performed at
room temperature by using KBrO; and 60% H,SO, as oxidant.?” This method uses much milder

conditions, and considerably reduces compounds degradation by unselective oxidation.
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=N N=

HNO3; H,SO,4 R

KBr
NH, 0 N
HoN o 0O rR— HN- N
NH,OAc

- 7 N\ A > ¢ N\ A
EtOH =N N= CH;COOH —N N=—
dppz PhenDione Phenlmidazole

Scheme 2. 4. Synthesis of the 1,10-phenanthroline-5,6-dione, dppz and PhenImidazole.

Another important phenanthroline derivative functionalized on the 5 and 6 positions is 5,6-diamino-

1,10-phenanthroline, which was extensively used to obtain homoditopic ligands like

tetrapyridophenazine ** or heteroditopic ligands by the formation of amide bonds.*

| HN-OH-HCL [ HN-NH, [ P
N~ 0 BaCO3 NNPZ NOH Pd/C 10% N~ NH2 PhenDione N~
N o EtOH reflux N7 NOH EtOH reflux N| N NH, Nl SN
l = l = = PZ
PhenDione PhenDiamine tetrapyridophenazine
R
(0]
R 7
N on « ok |
_N | N
N~ NH
NI NH
= N
O | N
=

Scheme 2. 5. Synthesis of 5,6-diamino-1,10-phenanthroline (PhenDiamine),” tetrapyridophenazine®® and an

example of heteroditopic ligand containing amide bonds.”

2.1.2. Target structures

As described in chapter 1 (paragraph 1.4), many copper(I) diimine complexes have already
been studied from an electrochemical and photophysical point of view, mostly homoleptic.
For our study on heteroleptic complexes, the first step was the selection of a convenient

coordination cage to get satisfactory electrochemical and spectroscopic properties, coupled with a

structure allowing further modifications with the minimal synthetic effort.
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The general guideline for the elaboration of the new structures was the optimization of the
emission lifetime of the complexes. For this purpose, the increase of the steric hindrance in the
copper coordination cage was considered (by means of the introduction of bulky substituents at the
2 and 9 positions of the phenanthroline), together with the evaluation of the influence of methyl
substitution at the 3 and 8 positions, which proved to dramatically increase the emission lifetime in

the case of homoleptic complexes.’ The selected structures are shown in Fig. 2. 3.

N\ 7/ N\ 7

C2: [Cu(L1)(L3)]

N\ 7/ N\ 7/

C3: [Cu(L1)(L4)] O C1": [Cu(L5)(L2)]

Fig. 2. 3. Structures of the complexes C1-C3 and C1°.

The 2,9-dimesityl-1,10-phenanthroline was chosen as the most bulky ligand in nearly all
cases because, besides allowing the synthesis of stable heteroleptic complexes, it stabilizes the final
compounds by m-stacking interactions with the opposite phenanthroline. Carbazoles (C1’) were
selected too as highly bulky substituents for the phenanthroline, and their electron-donor properties
may increase the coordinating ability of the ligand, bringing further stability to the resulting
complex.

As for the less hindered side, all the 2,9-disubstituted phenanthrolines that form homoleptic
complexes can be chosen. C1 was designed to get a better protection of the copper ion with respect
to shorter chains (methyl for example), C2 is a modification of the previous complex to evaluate the

effect of the 3 and 8 methyl substitution on the photophysical properties.’
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C3 seems an interesting structure to obtain a good shielding of the metal ion from the nucleophilic
attack of the solvent molecules, responsible for the exciplex quenching of the excited state.”!
Moreover, four aryl groups are attached to the phenanthroline ligands, and an important
stabilization by m-stacking can be imagined. Most importantly, the homoleptic complex displays
one of the longest-lived excited states for a copper(I) bis(phenanthroline) complex (310 ns in

dichloromethane).8

2.1.3. Synthesis of the ligands L1-L5

As none of the ligands used for the synthesis of these four complexes was commercially
available, they were prepared using literature procedures.

2,9-dimesityl-1,10-phenanthroline synthesis is described in literature by nucleophilic attack
of the mesityl-lithium on the 1,10-phenanthroline in dry diethyl ether.’” The reaction, either
performed in one or two steps, afforded only a very low yield of the pure compound in our hands,
so the product was finally synthesized by Suzuki cross-coupling between 2,9-dichloro-1,10-
phenanthroline and excess mesitylboronic acid in presence of Ba(OH), and Pd(PPhs)s as the

catalyst, with a very satisfactory yield of 95%.

Ba(OH),
Pd(PPhs),
+ B O —_—
(OH): DME:H,0 = 9:1
Ar, reflux

95%

Scheme 2. 6. Synthesis of the 2,9-dimesityl-1,10-phenanthroline (L.1) by Suzuki cross-coupling.

2,9-dibutyl-1,10-phenanthroline L2 and 2,9-dibutyl-3,4,7,8-tetramethyl-1,10-phenanthroline
L3 were prepared by nucleophilic attack of an excess of nBu-Li on 1,10-phenanthroline and
3,4,7,8-tetramethyl-1,10-phenathroline, respectively. After quenching the reaction with water, and
rearomatization by oxidation with activated MnO, in dichloromethane, the ligands were obtained in
66% and 59% yields, respectively (Scheme 2. 7). L4 was prepared in quantitative yield using

phenyllithium, according to the same procedure used for L2 and L3.
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R R 1. nBu-Li R R
dry toluene, -78°C - r.t
=N N= 2. Mn02
CH2C|2‘ Ar, r.t. Bu Bu
R: Hor CHj L2:R=H 66% L2:R=H
L3: R=CH; 59% L3: R=CHj;

Scheme 2. 7. Synthesis of ligands L2 and L3.

2,9-dicarbazole-1,10-phenanthroline was prepared by nucleophilic substitution of
deprotonated carbazole on 2,9-dichloro-1,10-phenanthroline. The reaction was performed in
presence of Cs,COjs as the base, and afforded ligand L5 in 49% yield. The high steric hindrance at

the 2 and 9 positions can account for the moderate yield.

N
C32C03
+
D —ow

carbazole 49%

Scheme 2. 8. Synthesis of ligand L5.

All the ligands were characterized by 'H and ?C-NMR, and HR-MS. The 'H-NMR spectra
of the ligands L1, L2, L4 and L5, performed in deuterated chloroform, show the typical pattern of
the 2,9-substituted phenanthrolines, constituted by two doublets (J ~ 8.7 Hz, H*+H and H® + H8)
and a singlet (H* + H®). L3 lacks the two doublets, that are substituted by additional peaks in the
aliphatic zone. The position of the peaks is influenced by the groups at the 2 and 9 positions, as can
be seen from the superposition of the aromatic part of the "H-NMR spectra shown below (Fig. 2. 4).
In particular L4 and L5 have very deshielded H® and H® protons, probably due to anisotropic effects
provoked by the rings.
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Fig. 2. 4. Superimposition of the aromatic portion of the NMR spectra of ligands L1-L5.

2.1.4. Synthesis of the complexes CI1-C3

The heteroleptic copper(I) complexes were synthesized in a two-step synthesis performed
one-pot under argon atmosphere in distilled dichloromethane. The most hindered ligand is first
dissolved in a dichloromethane solution of tetrakis-acetonitrile copper(I) hexafluorophosphate
([Cu(CH3CN),]PF), to form an intermediate solvato complex [Cu(L1)(NCCHj3),]", then the second
ligand is added to form the heteroleptic species (Scheme 2. 9).

L2: R=nBu, R'=H
L3: R=nBu, R'=CHj

Cu(CH5CN),JPFg ————> L4: R=Ph, R'=H
: —_— >
[Cu(CH;CN)4]PFg Y o
Ar, r.t. Ar, r.t.
C1:78%
C2: 83%
C3: 88% C1: R=nBu, R'=H
C2: R=nBu, R'=CHj4
C3: R:Ph7 R'=H

Scheme 2. 9. Synthesis of the complexes C1-C3. The same procedure is used for the other heteroleptic complexes.
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The solvato complex is usually reported with two acetonitrile molecules coordinating the
Cu', but some structures have been resolved where the metal ion is bound to only one solvent
molecule.” The structure in solution, however, is probably a dynamic equilibrium between
[Cu(L)(NCCH3),]” and the tricoordinated [Cu(L)(NCCH3)]".** Let us underline that the second,
less hindered ligand, was systematically in default, with regards to copper(l) and mesityl bearing
phen, in order to avoid the formation of the homoleptic complex.

The intermediate solvato complex formation is easily visible by the yellow colour of the
solution, while, when the second ligand is coordinated, the presence of the MLCT band of the
[Cu(NN),]" at around 450 nm leads to the instantaneous development of a red colour. The
purification of the crude is performed by column chromatography on silica gel, eluted with
dichloromethane with about 2% methanol. If necessary, a precipitation with petroleum ether from a
dichloromethane solution of the complex was used to eliminate the last ligand traces.

All syntheses gave the desired product, except with ligand LS, which was used as the
hindered ligand (like L1, it is expected not to form the homoleptic complex). In this case, the
formation of the [Cu(L5)]" intermediate was not noticed (no colour changes). The second ligand
addition (L2) was however tried, but yielded only the homoleptic complex [Cu(L2),]PFs. The
formation of [Cu(L5)]" was probably prevented by the excessive steric hindrance provided by the
carbazoles, and L2, even if added in default, bound to uncoordinated copper(I) in solution,
immediately forming the homoleptic species.

Complexes C1, C2 and C3 were obtained in good yields of 78%, 83% and 88%, respectively.

The 'H-NMR spectra of the complexes showed, as usual, the superposition of the two
ligands signals. As a general rule, an upfield shift of the protons of the substituents is observed, as a
result of the increased electron density due to the interaction with the opposite ligand. Conversely,
the phenanthroline rings protons are deshielded because of the coordination of the metal ion, that
pulls the electron density away from the ligand. This phenomenon can be clearly seen if the 'H-

NMR spectra of the complex is superposed to those of the ligands in Fig. 2. 5.
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Fig. 2. 5. Superimposition of the aromatic part of the NMR spectra of C1, L1 and L2. The changes in the chemical

shifts of the ligands protons upon coordination are indicated by the dotted lines.

2.1.5. X-Ray structure of the complex C3

Slow vapour diffusion of petroleum ether into a dichloromethane solution of the compound

afforded X-ray quality crystals for complex C3. The obtained structure is shown in Fig. 2. 6.

Fig. 2. 6. a) Structure of C3; b) complete X-ray structure of the compound C3, the H atoms have been removed for the
sake of clarity. Cu: orange; N: blue; C: grey; ¢) side view of the complex; d) arrangement of the two phenanthroline

ligands and coordination cage (diMesPhen L1 on the left, diPhPhen L4 on the right).

The complex crystallizes in an orthorhombic crystal lattice (0. = B =y = 90°; a = 28.6055 A;
b=154.1883 A; c = 13.1165 A; Fdd2 space group).
The first aspect one can notice is the distorted coordination cage of the complex. To better visualize
this feature, the complex was represented in Fig. 2. 6 (d) without substituents on the

phenanthrolines. The structure is not tetrahedral, as it is commonly assumed for copper(l)
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complexes, but nearly pyramidal, with the metal that nearly lies in the plane formed by three of the
coordinating nitrogens (N1, N3 and N4), and the N2 in an apical position. This arrangement is due
to the m-stacking between one of the mesityl rings and the phenanthroline core of the second ligand,
that lies on nearly parallel planes with a distance of about 3.5 A. The four Cu-N distances are all
different from each other: for L1 (diMesPhen) Cu-N1 = 1.9770 A and Cu-N2 = 2.1330 A, while for
L4 (dpp) Cu-N3 = 2.0416 A and Cu-N4 = 2.0843 A. Evidently, the fact that L1 is implied in 7-
stacking limits its freedom in the coordination cage and forces it to establish two very different
bonds, while L4 is free to dispose in a more symmetrical way. Interestingly, none of the phenyl
rings participates to m-stacking interactions with ligand L1, as it can be seen from Fig. 2. 6 (¢). The
two aromatic rings are sloping with respect to both the phenanthroline cores of the ligands. This
kind of distortion is not always found in homoleptic complexes containing aromatic groups in the 2
and 9 positions (like the parent compound [Cu(dpp).]’), but appears for particularly strained
structures such as [Cu(dptmp).” In these structures, the rotation of the phenyl rings around the C-C
bond with phenanthroline is hindered by the presence of bulky groups in the 3 and 8 positions.

The distortion of the cage can be quantified by approximately measuring the angles for the
flattening (~85°), rocking (~61°) and wagging (~84°). If the three values are taken into account
using the equation 1.14* (Paragraph 1.4.1), a & value of 0.78 is obtained, compared to a unitary

value which indicates a perfect tetrahedral symmetry.

2.1.6. Characterization of complexes CI1-C3

The complexes were characterized by UV-Visible, emission spectroscopy and
electrochemistry. The combination of these three methods is of a fundamental importance when
aiming at applications in the field of light-molecules interaction, as they allow to assess the redox
potentials of the ground and excited state (which are used to foresee if the charge transfer reactions
are thermodynamically allowed or not), according to equations 1.1, 1.4 and 1.5 (see paragraph

1.2.1).%°

2.1.6.a. Electrochemical properties

The electrochemical properties were studied in dichloromethane. All the potentials are
referred to saturated calomel electrode (SCE) as a reference. The three complexes have reversible
(quasi reversible, from a strictly electrochemical point of view) oxidation peaks, with a half-wave
potential dependence on the steric hindrance of the coordination cage. The oxidation is attributed to

the removal of an electron from the metal centred HOMO, thus leading to the Cu" complex. The
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most hindered C3 has a more positive E;, value due to the fact that the flattening deformation of
the coordination cage upon oxidation is strongly prevented: the Cu" form is therefore destabilized.
For all the compounds, the AE between the forward and backward waves shows a dependence on
the scan rate: this phenomenon is characteristic for species that have structurally different oxidized
and reduced forms, and thus have an important kinetic barrier for the backward electron transfer.*’
For this reason, the peak separation is given for vea.,= 100 mV/s in all the tables. Cyclic
voltammetry measurements performed on C3 at different scan rates showed that for the slower rates
(v=20.1 and 0.05 V/S) there are even two backward peaks, indicating that the complex is likely to
be unstable under the oxidized form in the electrochemical experiment timescale. This was also
confirmed by electrochemical measurements in acetonitrile, where the peak was irreversible. The
oxidized complex, where the copper has oxidation number II, tends to flatten, and also opens to the
coordination of a fifth ligand. Acetonitrile being a nucleophilic solvent, it is likely to attack the
metal centre and probably provoke ligand expulsion from this particularly hindered coordination

cage. The redox potentials for the three complexes are summarized in Table 2. 1.

Complex Ei (V) vs.SCE [AE=E,-E,c mV]*
C1 0.99 [140]
C2 0.87 [110]
C3 1.06 [95°]

Table 2. 1. Electrochemical data for complexes C1-C3. The measurements are performed in distilled, argon purged
CH,Cl, at room temperature; supporting electrolyte: TBAPF,; WE: Pt disk; RE: SCE; CE: Pt foil. * The peak separation

for v=100 mV is given. ® The peak is not completely reversible.

One last remark can be made comparing C1 to C2. In the second case, the presence of four
methyl groups at the 3, 4, 7 and 8 positions of the phenanthroline accounts for a global electron
enrichment of the molecule. Therefore, oxidation to copper(Il) occurs at lower potentials (120 mV
cathodic shift) since the copper(Il) ion is stabilized by the electron donating ability of the methyl
substituents.

At negative potentials, nothing different from the blank signal was found, indicating that the
ligand-centred reduction steps occur outside of our operating potential window (< -1.5 V vs. SCE).
Indeed, the oxidation of copper(I) diimine complexes (sometimes reported as Cu'® but more likely

to be localised on one ligand) is reported in literature between -1.5 and -1.7 V vs. SCE.?
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2.1.6.b. Absorption

The UV-Visible absorption spectra, recorded in dichloromethane, show the classical features
for Cu(l) diimine complexes. The UV region is dominated by intense ligand-centered n-m*
transitions, with a molar extinction coefficient between 4 and 6:10* M'cm™, while the visible part is
dominated by less intense MLCT band (¢ ~ 4-10° M'em™), that covers the blue region of the
spectrum. The band intensity of the three compounds is comparable. The spectra are shown in Fig.

2.7, and the data are gathered in Table 2. 2.
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Fig. 2. 7. UV-Visible spectra of the complexes C1-C3, recorded in dichloromethane.

C1 and C2 have very similar UV profiles, while the visible spectra present some differences: in C2
the MLCT band at 458 nm is broader, and there is a second band at higher energies (410 nm) with a
very similar molar extinction coefficient, also showing the broad profile of MLCT bands. Quantum
mechanical calculations would be required in order to understand the exact nature of this second
transition.

The spectrum of C3 deserves a further comment. Its profile is in fact nearly superposed to the
spectrum of C1, while in the homoleptic case the UV-Visible absorption of [Cu(dpp),]” presents an
absorption at 440 nm and a broad shoulder extending until 600 nm," attributed to the strong

deformation of the homoleptic structure already in the ground state. Here, the structure is dictated
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by the m-stacking between one mesityl ring and the opposite phenanthroline ligand, and therefore it
can be assumed to be similar in the two cases (see Fig. 2. 6 for C3 and Fig. 2. 12 for C1). The
extinction coefficient is also very similar, while [Cu(dpp)]” is known to have an extremely poor €

of 3000 M 'em™.

Aabs (nm) [¢ (M 'em™)]

C1 458 [4.2:10°]
276 [4.6:10%]

C2 459 [4.1:107]
410 [4.0-10°]
278 [5.9:10"]

C3 457 [4.0-10°]
300 [3.9-10%]
269 [4.8:10%]
253 [4.9:10"]
Table 2. 2. UV-Vis absorption data for the complexes C1-C3, recorded in dichloromethane.

The calculated spectrum for C1 was obtained by means of TD-DFT calculations (performed
in the group of Dr. C. Daniel in Strasbourg), using B3LYP functional without solvent correction.
The complex is characterized by an intense absorption at 271 nm, which results from a mixture of
LLCT, IL and MLCT transitions. An intermediate peak calculated at 350 nm is a combination of IL
and MLCT states. The low energy band, calculated around 490 nm, corresponds to an envelope of
two MLCT states localized on the two ligands.

The spectra recorded in acetonitrile show a different profile for the MLCT, which also
appears slightly blue-shifted. This behaviour is not unexpected, since a band with charge transfer
character is strongly influenced by the solvent polarity. Negative solvatochromism indicates that the
excited state is less polar than the ground state. This result is not unusual for copper(])
complexes,”™* but calculations of the distribution of the entire electron density would be required

in order to know the dipolar moments of the ground and excited state.
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2.1.6.c. Emission

The emission properties of the three compounds were investigated in dichloromethane and
acetonitrile. A general result is a low emission quantum yield of about 1.5-107 for C1 ([Ru(bpy)s]*"
was taken as the reference value). The lifetime of "MLCT was determined using two different
techniques, the classical single photon counting (SPC) experiments and nanosecond transient
absorption (nanosecond flash photolysis). Indeed, as we will show later on, this low emission
quantum yield is due to fast non radiative relaxation and not to a low quantum yield of the emissive
excited state CMLCT) formation. Nanosecond flash photolysis leads to a strong signal which
decays mono-exponentially, mainly equal to the longest time constant in SPT experiments. This
justifies the fact that nanosecond flash photolysis results are considered as representative of the
emission lifetime. Single photon counting experiments give in fact a multiexponential decay, with
lifetime and contribution depending of the emission wavelength. The origin of the shorter time
constants is assigned to singlet MLCT and non flattened triplet MLCT.

The complexes exhibit broad, red-shifted and moderately intense emission bands, according
to what is reported in literature.** Complex C1 emits at 730 nm with a lifetime of about 64 ns in
degassed dichloromethane, while this value drops to 25 ns in degassed acetonitrile. This result is not
surprising, since acetonitrile is a coordinating solvent and can easily interact with the copper ion in
the excited state, to form an exciplex that rapidly relaxes to the ground state following non-radiative

pathways (paragraph 1.4.3).

Aem (nm) [t (ns)*] Aem, homoleptic (M) [T (ns)]
CH,Cl, CH;CN CH,Cl,’
C1  730[64(75)]  735[25 (30)] 725 [150]*
C2 700 [41 (44)] 680 [50 (270)] 670 [920]°
C3 694 [180 (260)] 740 [55 (100)] 675 [310]®

Table 2. 3. Emission properties of complexes C1-C3, recorded in dichloromethane and acetonitrile at room

temperature. * The value in brackets is obtained in deoxygenated solution. ® Deoxygenated solution.

Even if the solvent influence was reduced, the four additional methyl groups in positions
3,4, 7 and 8 on the 2,9-dibutyl-1,10-phenanthroline in complex C2 do not contribute to a substantial
increase of the emission lifetime (41 ns in degassed dichloromethane), unlike what is found for

homoleptic complexes.” Therefore, this structure will not be considered for further studies.
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The third compound C3 shows a more intense luminescence in steady-state measurements.
This was explained by the better shielding of the formally oxidized copper ion in the excited state,
provided by the four bulky substituents on the two ligands. The complex has only limited
possibilities for flattening, so the excited state is protected from the exciplex quenching by the
solvent. Indeed, the measured emission lifetime of 180 ns is very interesting from the point of view
of the possible applications.

The lifetime measurements were also performed in degassed solutions: the values only show
a slight increase in deoxygenated solvents, indicating that the emissive state has a limited triplet
character. This characteristic makes copper(I) complexes fundamentally different from
ruthenium(II)-based systems, for which the emitting state is the *MLCT. This feature is related to
the fact that for copper(I) complexes the *MLCT state is in thermal equilibrium with the more
luminescent 'MLCT *! (see chapter 1 for a more detailed description).

If compared to the homoleptic compounds (Table 2. 3), the complexes C1-C3 display
emission in the same region of the spectrum, with impressive Stokes’ shifts and a dependence on
the steric properties of the ligands. However, the emission lifetimes are much shorter, most
probably owing to the structural distortion imposed by the n-stacking between the mesityl ring and
the opposite ligand. This leads to an intrinsically asymmetrical structure where one of the sides is

less shielded than the other from the nucleophilic attack of the solvent (Fig. 2. 6).

2.1.7. Excited-state redox potentials

Three new heteroleptic copper(I) complexes with 2,9-dimesityl-1,10-phenanthroline and a
less sterically challenged phenanthroline ligand were synthesized and characterized. The evaluation
of the electrochemical and spectroscopic properties was used to prove that this class of compounds
can be exploited with the aim of developing new copper(I)-based molecules for the conversion of
solar energy. For this kind of applications, a particular attention should be devoted to the excited-
state lifetime and the redox properties of the ground and excited state. Since the goal is to deal with
photoinduced electron transfer (to and from catalysts, acceptors and donors in polyads, or
semiconductors in dye-sensitized solar cells), the excited-state properties measure the possibility for
the transfer while the ground-state ones indicate the feasibility of the regeneration or the secondary
processes. A comparison with ruthenium(Il) complexes can be useful to better understand the
properties of this molecules, and to plan which applications could be more fruitful.

In the ground state, the lower oxidation potential of the Cu' complexes indicates a higher
energy HOMO with respect to polypyridyl Ru" complexes. This means that, once oxidized, Cu will

provide a lower driving force for the regeneration process than Ru. Nothing can be said about the
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LUMO level for copper, because in our experimental conditions the reduction peak was not
detectable, as it occurs at too negative a potential (below -1.5 V vs. SCE).

The E® values, necessary to calculate the excited-state redox potentials, are deduced from
the crossing point of the absorption and emission spectra. For the complexes C1-C3, only the
oxidation side is considered, since the reduction potential is not known (for this reason the reduction
is represented in grey in Fig. 2. 8). The ground and excited state properties can be summarized by
using the graph below (see paragraph 1.4.5 for a comparison between [Cu(dpp),]*" and
[Ru(bpy):]*").** The properties of the three complexes C1-C3 are reported on the right side of Fig.
2.8.

**[Cu(NN")(NN2)J* -
: Esis  E7"  Eguse
; V) (V) (eV)
"ICUNN)INNA™ C1 099 216  -1.17

E S+/5% \
E 00 Cc2 087 216  -1.29
\ C3 106 216  -1.10
[Cu(NN")(NN2)J2+ [Cu(NN')(NN2)J* =——=
E S+/S

Fig. 2. 8. Left: Graphical representation of the photophysical and electrochemical properties of the complexes.* Two
asterisks represent the excited state directly populated by excitation at the maximum absorption wavelength; one
asterisk denotes the lowest energy, emitting MLCT state. Right: Excited-state oxidation potentials of the complexes

C1-C3. *E" is calculated from the crossing A of the absorption and emission spectra.

The three complexes can be ranked according to the reducing power at the excited state:
C2 > C1> C3 > [Ru(bpy)s]*"

The [Ru(bpy)3]2+ oxidation potential is 1.3 V vs. SCE and Eg/s+ = -0.85 V.*? From the observation
of the obtained values, it is possible to deduce that copper(I) heteroleptic complexes, like the
previously studied homoleptic ones, are powerful reductants at the excited state, even more than
ruthenium(Il) tris-bipyridine. On the contrary, they do not exhibit very impressive oxidative
properties.

Complex C1 displays very interesting reductive properties at the excited state and a non
negligible excited state lifetime, together with the possibility of synthetic modification of both
ligands, which is required to tailor the structure of the complexes in view of further applications.

Moreover, it has quite high oxidation potential (120 mV higher than C2), thus providing a good
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driving force to regenerate the complex after a photoinduced oxidation processes. The study of a
series of complexes based on this coordination cage will be detailed in the following paragraphs.

C2 is the most powerful photooxidant of the three complexes, thanks to the low ground-state
oxidation potential. However, the excited-state lifetime is not improved with respect to C1, and so it
will not be further investigated.

Complex C3 has the longest excited state lifetime, and its properties seem worthy of further
investigation in future work. The only issue raised by this compound is its slight instability upon
oxidation, as shown by the double backward wave obtained in cyclic voltammetry at low scan rates.
Nevertheless, the rates of photoinduced processes (fs-us) are much faster than the timescale of
cyclic voltammetry measurements (s) and the regeneration of the Cu' species after the primary
photoinduced event could be faster than the degradation.

From these results, we can anticipate that these molecules will be suited for applications in
photoinduced electron transfer towards electron-acceptor groups and for the sensitization of n-type
semiconductors. Homogeneous photocatalysis (where the sensitizer is coupled to a catalyst),
requires however an optimization of the excited state lifetimes, as bimolecular oxidative quenching

is required and can occur on timescales longer than those measured for these compounds.

2.1.8. Stability assessment for the complex C1

Dealing with labile complexes, which undergo fast ligand scrambling in solution (even at

room temperature), requires some knowledge about their stability, in order to avoid the formation
of complex mixtures whose purification can be tedious. In particular, from the experimental work
carried out on the Cu' complexes, it is known that the homoleptic and heteroleptic complexes are
often impossible to separate by chromatographic techniques.
Some NMR studies have already been done on the heteroleptic complexes synthesized by M.
Schmittel and A. Ganz in 1997, leading to the observation that the homoleptic complex is more
stable than the heteroleptic.” A study about our complexes stability was then conducted, using the
complex C1 as a model, to get a better insight in this system.

The experiments are based on the observation of the evolution in time of the 'H-NMR
spectrum of copper complex C1 in the presence of the free L2 ligand. The spectra were measured in
deuterated chloroform, in which all the compounds exhibit a good solubility and well resolved
signals. The quantification of the percentages of the different species was made by the integration of
the characteristic peaks. In order to avoid as much as possible the integration errors due to the
difference in proton relaxation times, all the signals in the spectra were assigned and an average

value for the signals of the non-superimposed protons was taken for each species. The results were
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finally formulated as percentage molar fractions, so that the experiments conducted at slightly
different concentrations can be compared.

Three experiments were carried out. The first one consisted in mixing one equivalent of

[Cu(CH3CN)4]PF¢ with two equivalents of each ligand (L1 and L2). After 30 minutes stirring in dry
dichloromethane under argon atmosphere, the NMR spectrum indicated the formation of C1 and
[Cu(LL2),]PFs in a ratio of about 2:1. The solution was then split into two portions and the solvent
was substituted with a more polar and coordinating one. Acetonitrile and N,N-dimethylformamide
were the selected solvents, and the mixture was treated at first at room temperature (CH3;CN, DMF)
and then heated (CH;CN). The solvent was then evaporated and the 'H-NMR spectrum was
recorded in CDCls. In the three cases the C1: [Cu(L2),]PFs ratio decreased to nearly 1:2.
The results seem to indicate that the heteroleptic complex is the kinetically favoured species, while
the homoleptic one is more thermodynamically stable, and forms in presence of coordinating
solvents such as acetonitrile and N,N-dimethylformamide, even at room temperature. Potentially
coordinating solvents and high temperature are expected to increase the ligand scrambling of these
labile complexes, and to favour the formation of the most thermodynamically stable compound.

The second experiment consisted in mixing one equivalent of C1 and one equivalent of free
L2. The solution, in deuterated chloroform, was kept at room temperature and its evolution was
controlled by "H-NMR (concentration of C1, [Cu(L2),]PFs, L1 and L2). In the graph that reports
the concentration of the four species as a function of time (Fig. 2. 9, left), it is possible to see that
there is [Cu(LL2),]PFs formation until reaching an equilibrium after about 10 hours, then the
concentrations remain stable in time and are only slightly affected by heating the solution in
chloroform or refluxing acetonitrile (conditions favouring ligand scrambling).

The experiment was then repeated, as a control test, by mixing one equivalent of
[Cu(L2),]PFs with one equivalent of L1. The concentrations of the four species (Fig. 2. 9, right)

evolve in time until reaching the same situation obtained in the previous case.

100 + 100
90 90
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70 70 A
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30 F © 30 - ‘
20 - 20
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Fig. 2. 9. Left: experiment 2 (== [Cu(L2),]|PF¢; == C1; == L1; = L2). The initial concentration of [Cu(L2),]PF; is
21mM. Right: experiment 3. The initial concentration of C1 is 1 1mM. The last two points on the right refer to the

mixture heated at reflux in dichloromethane and acetonitrile, respectively.
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From the data obtained in the two experiments, the ratio of the two association constants
Khomo and Kyetero can be calculated in the following way.

The association constant for the heteroleptic complex C1 corresponds to the equilibrium:

L1 + L2 + [Cu(CH;CN),]PFs == C1

[Cu(L1)(CH3CN),]" and [Cu(L2)(CH3CN),]" were neglected, as their contribution was assumed to
be very low in presence of an excess of ligands.

The thermodynamic constant of the complexation reaction can be written as

[Cl]
K =
hetero [Ll] ] [L2] ] [Cu[ ] Eq 2.1
In an analogous way
Cu(L2),]PF
hom o :[[ u(2 )2] I 6] Eq 2.2
[L2]" -[Cu’]
The ratio of the two constants is therefore
K Cu(L2),]PF.]-[L1
hom o — [[ ( )2] 6] [ ] Eq 23
Khetero [Cl] : [Lz]

The concentration of the different compounds can be obtained from the molar fraction of the
species in the "H-NMR spectra.

In stability experiment 2:

[Cu(L2),]PFs L1 L2 C1

t=0 1 eq. leg. 0 O
Equilibrium 1-x I-x  x X
therefore
I<homo — [[Cu(L2)2 ]PF6 ] : [Ll] _ (1 - X)2 -

8 Eq.2.4

K [C1]-[L2] X

hetero

with x = 0.26 (molar faction = x/2, Fig. 2. 9, left).
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In stability experiment 3:

Cl L2 L1 [Cu(L2),]PFs

t=0 leq. leq. O 0
Equilibrium 1-x 1-x x X

therefore
Kiomo _ [[Cu(L2),]PE]-[L1] X’

Eq. 2.5

K [C1]-[L2] I-x)?

hetero

with x = 0.73 (molar faction = x/2, Fig. 2. 9, right).

These data confirm literature results stating that the heteroleptic compounds are less
thermodynamically stable than the homoleptic ones,” and must be taken into account while working
with heteroleptic complexes. The complexes can be isolated in their pure form and are stable
towards light, moisture and oxygen, but an excess of the less hindered ligand must be carefully
avoided since the ligand exchange rapidly leads to a mixture of compounds that are seldom
differentiated by chromatography. Interestingly, the n-stacking stabilization provided by one of the
mesityl rings is not strong enough to make the heteroleptic complex more stable than the
homoleptic. The reason for this difference in stability is believed to be the stronger c-donating
ability of the 2,9-dibutyl-1,10-phenanthroline (L2) with respect to the mesityl-substituted ligand,
together with the reduced steric hindrance of the homoleptic complex.

The information collected about the model compounds C1-C3 provides an important basis
to prepare and characterize a series of 5 heteroleptic copper(I) complexes bearing more elaborated
ligands, described in the following paragraphs, that open the way to the construction of
photosensitive arrays for the conversion of solar energy.

A more rigorous approach could involve the measurement of the association constants of the

homoleptic and heteroleptic complexes in order to determine their ratio.
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2.2. Synthesis of original dipyridophenazine or imidazole fused phenanthroline
ligands

In order to tune the properties of the complexes, to match the requirements needed for the
different kinds of application in solar energy conversion, it is important to functionalize the ligands
to obtain more complex structures that possess additional functionalities such as electron
withdrawing, electron donor or anchoring groups.

In this paragraph, the synthesis and characterization of two new phenanthroline-based
ligands and of the relative copper(I) complexes is described. The molecular structures of the two
ligands L6 and L7 are inspired by the well known structures phen-imidazole (2-phenylimidazo[4,5-
/f1[1,10]phenanthroline) and dppz (dipyrido[3,2-a:2°,3’-c]phenazine), surrounded by a dotted line in
Fig. 2. 10.

Fig. 2. 10. Structure of the ligands L6 and L7, the phen-imidazole (left) and dppz (right) structures are surrounded by a
dotted line.

These two ligands are widely used in coordination chemistry, and possess well-established
electronic properties. Phen-imidazole is donating in nature, and has a labile proton. It has been
conveniently used as a connecting moiety to bind metal complexes (thanks to it chelating ability)
with other functionalities as for example catalysts, electroactive groups® or peptides chains.”
Dppz, on the contrary, has electron acceptor properties and has been widely used in the design of

222 and for the conception of DNA intercalating agents.”* Its planar

photosensitive polyads
geometry is in fact very adapted to set up m-stacking interactions with the nitrogenous bases.

The ligands L6 and L7 were specially designed for the synthesis of heteroleptic Cu'
complexes: the very encumbering mesityl groups on the 2 and 9 position of L6 allow it to play the
role of the most hindered ligand, while L7 is equipped with n-butyl chains, which are mildly

encumbering, that means enough to provide photophysical properties to the final scaffold.

Additionally, both molecules bear a bromo unit, which is particularly interesting from a synthetic
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point of view since it can be involved in catalyzed cross-coupling reactions® thus opening the way

to further structural modifications.

2.2.1. Synthesis of the ligands L6 and L7

The synthesis of the ligands L6 and L7 requires the use of two very similar building blocks:
2,9-dimesityl- (7) and 2,9-dibutyl-1,10-phenanthroline-5,6-dione (8), shown in Scheme 2. 11 and
Scheme 2. 12.*

The oxidation of the 5 and 6 positions of phenanthroline requires harsh conditions (concentrated
sulphuric and nitric acids and sodium bromide), and an accurate control of the temperature
conditions during the step of acids addition to avoid the degradation of the molecule. This protocol
could not be used for the oxidation of 2,9-dimesityl-1,10-phenanthroline (L1), which was
irremediably damaged during the reaction, and did not lead to any detectable quantity of 8. For this
reason, another approach, proposed by Sauvage and co-workers,'” was chosen. This method relies
on the synthesis of the 2,9-dichloro-1,10-phenanthroline-5,6-dione 4, obtained in 4 steps starting
from commercial 1,10-phenanthroline (Scheme 2. 10), followed by the introduction of the aromatic
rings at the 2 and 9 positions by palladium-catalysed Suzuki cross-coupling. The Ks;Fe(CN)s
oxidation of the 2 and 9 positions of 1 requires a particularly careful temperature control, and leads

to a very low yield of 2, of about 30%. Fortunately, the key intermediate 4 can be prepared on the

gram scale.
7 N\ 1,3-dibromopropane / \ KsFe(CN)g, NaOH
—N N= PhNO,, 120°, 4h =N N= H,0, 2-5°, 2h
+
[85%)] VN g [30%)]
1 2
PCls, POCl; H,SO,4, HNO3, NaBr
reflux, overnight reflux, 2.5h
[quant.] [63%)]

Scheme 2. 10. Synthesis of the 2,9-dichloro-1,10-phenanthroline-5,6-dione (4).

As the basic conditions used for the coupling reaction can degrade the dione, leading to the
formation of the fluorenone derivative,* it was necessary to protect it as a ketal by reaction with the

2-nitropropane in basic water/acetonitrile solution. The obtained intermediate 5 was then reacted
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with mesitylboronic acid in presence of tetrakis triphenylphosphine palladium(0) and barium
hydroxide. The deprotection of the ketal in TFA/CH,Cl, afforded the dione 7 in 87% yield, which
was subsequently reacted with 4-bromobenzaldehyde in the presence of excess ammonium acetate

giving L6 in 62% yield.

mesitylboronic acid,
Ba(OH),, Pd(PPh3),

CH3CN, 55°C, 5h
91%

DME/H,0, reflux, 1 night
88%

4-bromobenzaldehyde,

i) TFA, H,0, 60° NH,OAc
ii) NaHCO3 CH,Clj, r.t. CH;COOH, reflux, 6h
87% 62%

Scheme 2. 11. Synthesis of the ligand L6.

The synthesis of 2,9-dibutyl-1,10-phenanthroline-5,6-dione consists in an oxidation of L2 in

a mixture of concentrated sulphuric and nitric acid with sodium bromide.

o 0
i) nBuLi, THF H,S0,, HNO,, NaBr
ii) MnO, CH,Cl, reflux, 2.5h
66% [80%] Bu 8 Bu

Scheme 2. 12. Synthesis of the 2,9-dibutyl-1,10-phenanthroline-5,6-dione 8.

The dione 8 is then reacted with 1,2-diamino-4-bromobenzene to give ligand L7 in one step (62%

yield).

1,2-diamino-4-bromobenzene

ethanol, reflux, overnight
62%

Scheme 2. 13. Synthesis of ligand L7.
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The two ligands structures were confirmed by the 'H-NMR spectra. In particular, the
spectrum of L6 in DMSO-ds presents a broad and very unshielded singlet at 13.81 ppm
corresponding to the slightly acidic proton on the imidazole ring. The four hydrogens on the
phenanthroline ring are not chemically equivalent, and this translates in the presence of two
different doublets corresponding to H® and H®. The difference is not so marked for H* and H’,
which are displayed as a single doublet. This behaviour was explained by considering the imidazole
asymmetry: indeed, if a strong acid (trifluoroacetic acid) or a base (triethylamine) are added, the
two doublets merge to give the spectrum of a symmetrical C; molecule. Indeed, both the completely
protonated imidazole and the deprotonated heterocycle have a C, axe.

The aromatic mesityl protons appear as a singlet at 6.95 ppm, while the methyl signals appear as
two singlets at 2.29 (6H) and 2.03 ppm (12H). These three signals constitute a characteristic

fingerprint of mesityl-containing molecules.
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Fig. 2. 11. Expansion of the aromatic portion of the 'H-NMR spectrum of L6, recorded in DMSO-d.

2.2.2. Synthesis of the ligand L6’

The presence of the acidic imidazole proton in ligand L6 can provoke a change in the
spectroscopic properties depending on the environment’s pH. Indeed, the presence of a labile
proton, whose exchange in solution is very fast, can interfere with photoinduced processes and

particularly with those associated with charge transfer.*® For this reason, ligand L6’, where the
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imidazole is alkylated by an hexyl chain, was synthesized. The alkyl chain is also expected to
improve the solubility properties of the ligand and complexes, even if Cu' diimine complexes
already exhibit a very good solubility in dichloromethane.

The heterocycle was deprotonated by Cs,COs;, and the resulting anion was reacted with n-hexyl

iodide to give ligand L6’ in good yield (75%).

S N SONNe
N~ N Cs,CO3, nHex-| N
N dry DMF, Ar N
100 °C, 6h
=

O 75% O

Scheme 2. 14. Synthesis of ligand L6’.

—Z Z—
\ Q\/

The NMR spectrum was recorded in deuterated chloroform, and unlike for L6 the signals of
L6’ were well resolved in this solvent. The hexyl chain is characterized by a typical pattern in the
aliphatic region, with a characteristic broad triplet at 4.64 ppm corresponding to the methylene
directly bound to the imidazole nitrogen. The other aliphatic protons are displayed as two separate
multiplets (CH, + 3CH>) and a triplet (CH3). This sequence of signals can be found even for longer
chains, like octyl.
Finally, the asymmetry induced by the introduction of a chain on the imidazole is visible through
the splitting of all the mesityl signals (aromatic and aliphatic), indicating that the two rings have

different environments.
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2.3. Synthesis and characterization of heteroleptic copper(l) complexes with
ligands L6, L7 and L6’

2.3.1. Synthesis of the complexes C4-C8

The ligands L6 and L7 were used to prepare a series of complexes. The bulky ligand L6 was
opposed to bare 1,10-phenanthroline (R = H) and two different alkyl substituted phenanthrolines,
neocuproine (R = Me) and dibutylphenanthroline (R = nBu), to further explore the influence of the
steric hindrance in the coordination sphere on the complexes properties. L7, bearing butyl chains,
was used in combination with ligand L.1. Finally, the two ligands were used together to synthesize
C8.

C4:.R=H
C5: R=Me
C6: R =nBu

Fig. 2. 12. Structures of the complexes C4-C8.

The five Cu' complexes were synthesized in distilled, argon purged dichloromethane. As
described previously, the idea is to place a bulky ligand opposite to a less hindered one, in presence
of copper(I). The molecules were purified by chromatography on silica gel, and characterized by
NMR, mass spectrometry and elemental analysis proving the formation of pure heteroleptic
complexes.

The 'H-NMR spectra are composed by the superimposition of the signals of the two ligands,
with an overall downfield shift due to copper(I) coordination, and an upfield shift of the mesityl
protons which are shielded by the electron density of the opposite phenanthroline. Interestingly, in
the spectra of C4-C7 the aromatic mesityl signals are split, indicating a difference in the
environment of the two rings, very likely to be caused by the n-stacking interaction of one ring with

the opposite phenanthroline.
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In general, the asymmetry induced by the imidazole proton is observed in all the spectra as a
difference between the protons H and H®, and H* and H’. In presence of deuterated water, the
imi

signals of symmetrical molecules are obtained, supporting once more that H™ plays a crucial role

in the determination of molecular symmetry.

2.3.2. Chemistry on the complexes

The HETPHEN concept allows to obtain many elaborated molecular structures.*’*® After
having proved that the synthesis of heteroleptic copper(I) complexes bearing a bromo function was
possible, it was our interest to investigate the complexes reactivity: in particular, the possibility of
carrying out cross-coupling reactions which involve the halogen function on the ligands L6 and L7
was studied. This kind of chemistry is already known in the case of inert complexes of Ru", Os" or
'™ *3 However, copper(I) coordination compounds are kinetically labile, so their use as building
blocks looks more challenging, but some encouraging examples of the application of pre-formed
complexes as reactants in synthetic chemistry are already known. For example, a square-shaped
nanogrid was prepared by Glazer oxidative homocoupling™ and a rotaxane was obtained in good
yield by the use of click chemistry to perform a stoppering reaction on a Cu' complex functionalized
with azide groups.>

Suzuki cross-coupling was chosen as a test reaction to verify the possibility of a further
structural modification directly on the synthesized structures C6 and C7. The two complexes are the
most sterically hindered of the series, and therefore the most shielded against any external
nucleophilic attack. Nevertheless, the Suzuki cross-coupling conditions are quite challenging for a
labile complex: in the chosen protocol, water and 1,2-dimethoxyethane (potentially coordinating
solvents) are used at reflux temperature and the reaction is performed in presence of a nucleophilic
base (barium hydroxyde). Moreover, the catalyst is a metal different from copper, exhibiting a
certain affinity for phenanthroline coordination cages, and in ligand scrambling conditions (high
temperature, coordinating solvents) could favour the formation of a very complex reaction mixture.

As a proof of concept, the two bromo-terminated molecules were engaged in a Pd(PPhs),
catalysed reaction with p-methoxy phenyl boronic acid, which is highly reactive thanks to the
methoxy donating group, and polar, so that the separation of the homoleptic complex from the
heteroleptic one is expected to be easier. The products, C9 and C10, were isolated in 34 and 84%
yield, respectively. These very different results (confirmed by the repetition of the reaction) can be
rationalized by the greater activation of the C-Br bond in the latter case, given the electron
withdrawing character of phenazine. A considerable quantity of unreacted C9 was found after

purification, further supporting this hypothesis.
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Interestingly, only a small quantity of homoleptic complex was formed during the reaction
(about 5% of the final product by estimation from 'H-NMR spectra). The complexes are then stable
enough to withstand the simultaneous presence of a oxygenated bases and solvents at high
temperatures. Unfortunately, the retention factor of the homoleptic and heteroleptic complexes on

silica gel was very similar in the case of C9 and prevented from getting satisfactory microanalysis.

MeOOB(OH)Z

Pd(PPh3)4, Ba(OH )2

DME, H,0, reflux, 1 night

Scheme 2. 15. Suzuki cross-coupling on complexes C6 and C7.

In conclusion, it was proven that it is possible to chemically modify the structure of
preformed complexes to obtain more elaborated systems. This, besides proving the stability of our
systems, offers an extreme synthetic versatility and paves the way towards the conception of

complex arrays.

2.3.3. X-Ray structure of C7 and computated structures of C4-C8

Slow diffusion of cyclohexane into a solution of C7 afforded good quality crystals, suitable
for a structure resolution by X-Ray diffraction at 100 K. The obtained structure (Fig. 2. 13)
confirmed the hypothesized geometry for the metal centre: a very distorted symmetry (with
flattening, rocking and wagging distortions), where the copper(I) ion is surrounded by the four
nitrogen atoms of the ligands, forming a distorted trigonal pyramid. The mesityl ring B is parallel to
the dppz ligand, with a distance of about 3.5 A.

The complex crystallizes in a triclinic crystal lattice (a = 73.945°% = 83.606°; y = 85.364°; a
= 13.6027 A; b = 14.2161 A; ¢ = 15.44 A; P1 space group). In the crystal, the molecules are
disposed in a sort of head-to-tail arrangement with the planes of all the dppz ligands which are

parallel to each other, as those of the phenanthrolines of L1. The cell also contains the PF¢
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counterion and one dichloromethane molecule. The distortion is quantified by the three angles
Oftattening = 69°, Orocking = 61° and Oy,geing = 66°, leading to an overall & of about 0.64. The two mesityl

rings form an angle of 64.11° (ring A) and 72.97° (ring B) with the phenanthroline core of L1.

Fig. 2. 13. X-Ray structure of complex C7. Hydrogen atoms, PF4 and solvent molecules have been removed for clarity.

Cu: orange; N: blue; C: grey; Br: brown.

The Cu(l) ion is bound to the ligands through four non equivalent bonds (see Table 2. 4) and

each ligand establishes a longer and a shorter bond, of about 2.10 and 2.01 A respectively.
The most puzzling feature of this structure is that the bromo unit seems to give two signals for each
molecule. Indeed, while the copper coordination sphere is very well defined, the L7 moiety is
subjected to a very disordered environment. As there was no doubt about the structure of the
complex, which had been confirmed by all the analytical techniques, the explanation was found in
the fact that the bromo substitution on the dppz entails the existence of two possible regioisomers
that crystallize almost in the same way. It was however possible to fit the complex diffraction
pattern by considering a ratio of 3:7 between the two isomers, whose superimposition is shown in
Fig. 2. 13, with a very satisfying R factor. This quite peculiar phenomenon had already been
observed for the complex [ReCl(CO)(dppzBr)], where dppzBr is equivalent to L7 but devoid of
nbutyl chains.”

The structures of the complexes C4-C8 were also optimized using density functional theory
(DFT/PBE-D/TZP) in the Daniel group at the University of Strasbourg. Selected theoretical bond
lengths and angles are reported in Table 2. 4, together with the corresponding experimental data for
the complex C7, for comparison. The optimized structures are represented in Fig. 2. 14. The
optimized geometries compare rather well with the X-Ray data, even if the Cu-N bond length
appears slightly underestimated. Interestingly, the calculated structures foresee m-stacking

interactions for all the complexes except C4 and CS, which do not possess the bulky n-butyl chains.
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These two compounds have a more symmetrical structure, with very close Cu-N bond distances and

N;-Cu-Ny4 angles. These differences may be attributed to the steric hindrance of #Bu groups, and to

n-stacking between one mesityl group and the opposite phenanthroline.

Geometrical parameters C1 C4 C5 Cé Cc7* C8

Cu-Nphena Cu-Ny4 2011 1996 2.003 2.005 2.003 1.999
2.009

Cu-N; 2.075 2.025 2.028 2.060 2.075 2.072
2.115

Cu-Nphens Cu-N; 2017 2006 2.020 2.014 2.008 1.999
2.004

Cu-N; 2.071 2.023 2.031 2.057 2.075 2.068
2.124

NphenB-Cu-Npheng N3-Cu-Ny  82.36 8327 8335 82.65 82.15 82.24
81.45

Nphena-Cu-Nppena Nj-Cu-N, 81.96 82.12 81.88 8232 82.26 8249
81.98

NphenB-Cu-Nphena N3-Cu-N; 12432 133.08 131.84 124.87 124.55 124.52
123.38

N,-Cu-N3 98.68 109.35 109.10 100.42 97.31 96.75
95.53

N;-Cu-N; 143.09 123.85 127.58 142.04 144.47 144.67
147.18

N,-Cu-N, 122.21 131.24 127.58 121.34 120.47 120.10
119.68

Table 2. 4. Selected bond lengths (in A) and bond angles (in deg) of complexes C1 and C4-C8. The numbering of the

atoms is in accord with the structures depicted in Fig. 2. 14. Phen” and Phen® refer respectively to mesityl and non-

mesityl derivatized ligands. * The values in italics are the experimental values measured from the X-Ray structure.

It is important to note that the choice of the functional has dramatic consequences on the

obtained structures: the first optimization, made with B3LYP functional, had produced symmetrical

molecules, without the least trace of n-stacking. Finally, PBE proved to afford much more reliable

results, in good agreement with the experimental data.”
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Fig. 2. 14. Calculated structures of the complexes C1 and C4-C8 (DFT/PBE-D/TZP).

2.3.4. UV-Visible absorption and calculated spectra for the complexes C4-C8

The electronic absorption spectra of complexes C1 (model) and C4-C8 are shown in Fig. 2.
15, and the corresponding data are collected in Table 2. 5.
All the complexes exhibit very intense UV bands below 360 nm, that were assigned to ligand-
centred m-m* transitions. The quantum mechanical calculations confirmed their mixed nature, with
IL, LLCT and MLCT components. The complexes containing the dppz-based L7 have an additional
vibrationally resolved band with two peaks at about 386 and 366 nm, typical of aromatic systems
with fused rings.
The visible region of the spectrum is dominated by the classical copper(I) diimine complexes
MLCT broad band, around 460 nm. The corresponding transition consists in the displacement of the
electron density from the copper-centred HOMO to the ligand-centred LUMO, yielding a final
charge separated state that can be described as Cu"-Phen”. The energy of the band is only slightly
affected by the complexes structure, except for C4 that absorbs at a notably higher wavelength (476
nm). The reason lies in the steric hindrance of the coordination cage: as reported in literature,
bulkier substituents prevent the flattening of the complex in the excited state and make the formal

oxidation of the Cu centre more difficult, raising the energy of the MLCT state.>”* Indeed, C4, with
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a mere phenanthroline opposite to the ligand L6, has the most flexible coordination sphere among
this series. The complex C5 has an intermediate absorption wavelength between C4 and the other

compounds, owing to the presence of the methyl groups of dmp.
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Fig. 2. 15. UV-Visible absorption spectra of the complexes C1 and C4-C8, recorded in dichloromethane. Inset:

magnification of the 400-600 nm domain.

Another interesting feature is the broad shoulder at around 550 nm in C4 spectrum. This
characteristic is diagnostic for a D, deformation of the complex, that breaks the symmetry of the
structure and allows the S;«<S, transition.”’ The transition which is responsible for this shoulder,
however, is much weaker than in complexes built on phenyl substituted phenanthrolines, like
[Cu(dpp):]PFs (dpp = 2,9-diphenyl-1,10-phenanthroline). In those compounds, the strong
deformation is due to m-stacking interactions between the phenyl rings and the opposite
phenanthroline.

The energy of the MLCT band of C1 is slightly blue shifted compared to the other compounds, and
interestingly it is very similar to that of [Cu(neocuproine),]". The coordination cage of C1 and C6-
C8 is practically the same, and thus cannot be invoked to explain this experimental data. On the
other hand, the extended conjugation in L6 and L7 is certainly responsible for a stabilization of the
MLCT state, however quite weak. Moreover, the existence of a dipole in heteroleptic complexes
could be held responsible for an MLCT state stabilization. In C1 the dipole is less pronounced, and

the absorption wavelength is thus a little shorter.
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Aabs (nm) [¢ (M 'em™)]

C4 476 [7.9-10°]; 284 [5.9-10%]
C5 468 [6.3-10°]; 284 [6.8-10%]
C6 463 [5.5-10°]; 282 [6.9-10%]

C7  465[6.3:10°]; 388 [2.1:10%]; 368 [1.7-10"]; 278 [9.6:10"]

C8  467[5.7-10°]; 386 [1.8:10"]; 366 [1.9-10%]; 280 [9.4-10"]
Table 2. 5. Absorption data for the complexes C4-C8 recorded in dichloromethane.

The molar extinction coefficients, from 5.5 to 7.9:10° M'em™, are in good agreement with
published data on copper(I) bisphenanthroline complexes.®”® The sterically challenging mesityl
groups are twisted with respect to the phenanthroline (about 65-75°), and this dramatically reduces
the conjugation of the system. For this reason, the electronic spectra of L6 and its unsubstituted
homologue (2-p-bromophenylimidazo[4,5-f][1,10]phenanthroline) have similar features. The
remarkable difference between the intensity of the MLCT band for C1 and C4-C8 can probably be
explained by considering the significant electron delocalization on the n systems of L6 and L7,
yielding higher dipolar moments.

The spectra of dichloromethane or acetonitrile solutions of these compounds remain
unchanged in time even if exposed to atmospheric oxygen and moisture, indicating that the
complexes are stable and do not undergo oxidation to copper(Il), or ligand loss.

The theoretical absorption spectra of C1 and C7 were calculated in vacuum, and are helpful
to confirm the nature of electronic transitions. The low energy MLCT band is composed by charge
transfer transitions towards the two phenanthroline ligands, while the higher energy bands (UV
absorption) are characterized by a mixture of intra-ligand, ligand-to-ligand and metal-to-ligand

charge transfer transitions.

2.3.5. Electrochemical properties

The electrochemical properties of the five complexes were investigated in distilled, argon
purged dichloromethane, and are here compared to those of C1, which acts as a model compound
sharing the same coordination cage than C6, C7 and C8. The data are gathered in Table 2. 6.

All the compounds show a quasi reversible’’ oxidation wave, which corresponds to the

removal of an electron from the metal-centred HOMO and thus the oxidation of Cu' to Cu'.
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The E,; value is strongly dependent on the coordination sphere steric hindrance, and follows
this order:

C4<C5<C6<C1<C7=C8

When the copper(I) complexes are oxidized, they undergo a shift from a pseudo-tetrahedral to a
flattened geometry, the most stable for [CuII(PhenA)(PhenB)]2+. If such a deformation is prevented
by the presence of bulky groups at the 2 and 9 positions of the phenanthrolines, the oxidized form is
destabilized and the oxidation potential shifts anodically. So, as a general rule, the most hindered
the coordination cage, the higher the oxidation potential (when the rest of the structure is
equivalent).

Indeed, in the case of C4, a mere phenanthroline is opposed to L6 and the complex is therefore
more prone to a flattening distortion upon formal oxidation of Cu(l) to Cu(Il), thus more easily
oxidized. The coordination sphere of CS5 is composed of dimethylphenanthroline and
dimesitylphenanthroline, and has therefore an intermediate steric hindrance between C4 and C6,
resulting in an intermediate oxidation potential. The simultaneous presence of butyl chains and
mesityl rings in the coordination cage considerably increases the value of E;, for C1, C6, C7 and
C8. The value is slightly lower for C6, probably because of the mild donating properties of the
imidazole ring. Vice versa, the electron withdrawing properties of the dppz moiety in L7 could
account for the higher oxidation potential of C7 and C8, that share the same coordination cage as

C1 and C6 but are less prone to oxidation.

El/z (V) vs.SCE [AE=Epa-Epc mV]a

C1 0.99 [110]
c4 0.71 [95]
cs 0.87 [95]
C6 0.94 [105]
C7 -1.09 [95], 1.06 [85]
c8 -1.03 [80], 1.05 [140]

Table 2. 6. Oxidation and reduction potential of the complexes C1 and C4-C8, recorded in distilled, argon purged
dichloromethane. WE: Pt disc; RE: SCE; CE: Pt foil; supporting electrolyte: TBAPF¢ 0.1 M. * The AE values are

reported for a 100 mV/s scan rate.

The cathodic behaviour of the complexes was investigated as well, in the limits imposed by

the solvent and our experimental setup. No reduction wave was observed for C1, C4, CS or C6,
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confirming the literature data® according to which the phenanthroline based reduction occurs at
more cathodic potentials than -1.5 V vs. SCE (limit of our operating window). On the contrary, C7
and C8 show well-defined, reversible reduction waves at E;» = -1.09 and -1.03 V vs. SCE,
respectively. Based on the comparison with literature data for complexes containing the same dppz
motif, on the shape of the wave and on the apparent insensitivity to the complementary ligands,
these were assigned to the addition of one electron to the phenazine moiety.

To further prove this assumption, cathodic spectroelectrochemistry was performed on C7. Several
spectral changes were observed upon electrolysis (Fig. 2. 16): the growth of a broad shoulder
around 560 nm and the decline of the L7 centred bands at 275 and 380 nm. These features are
characteristic of metal-bound dppz~ radical anion formation.”® The spectrum is moreover
characterized by the presence of isosbestic points, proving the formation of only one species.
Interestingly, the position and intensity of the MLCT band remain nearly unchanged, confirming
the weak electronic coupling between the phenazine and the [Cu(Phen),]” core, another feature

shared with Ru-dppz complexes.

abs. (a.u.)

220 270 320 aro 420 470 520 570 B20 &70 T20
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Fig. 2. 16. Evolution of the absorption spectrum of C7 upon cathodic electrolysis. The experiment was performed in

dichloromethane, with TBAPF as a supporting electrolyte and a platinum grid as the working electrode.
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2.3.6. Luminescence

The photoluminescence of the five synthesized complexes was studied in dichloromethane
and acetonitrile. C1 was used as a first tool to assess the ligand mobility in the coordination sphere.
As already mentioned, the challenge for increasing the emission of copper(I) diimine complexes
consists in preventing the flattening distortion in the excited state and consequent “exciplex

2 41

quenching”.” The emission spectra and the decay of the emissive excited states (nanosecond flash

photolysis) are shown in Fig. 2. 17, and the luminescence data are collected in Table 2. 7.
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Fig. 2. 17. Emission spectra and excited-state decays for complexes C1 and C4-C8, recorded in degassed
dichloromethane. The absorbance value at the excitation wavelength and the slits opening are the same for all the

compounds.

Aem(nm) [t° (ns)]

CH,Cl, CH;CN

C1 730[64]  738[25]
C4 nd[<4] nd [<4]
C5 754[31] 753[21]
C6 740[52] 743 [30]
C7 ~800[5] ~730[<4]
C8 >800([<4] >800[<4]
C6> 735[48] ~735[24]

Table 2. 7. Emission wavelength and excited-state lifetimes of complexes C1 and C4-C8, recorded in degassed

dichloromethane or acetonitrile. * Lifetime determined by nanosecond flash photolysis.

The emission spectra consist in very broad and red-shifted bands. This feature is

characteristic of MLCT luminescence, and the large Stokes’ shift (8000-9000 cm’™') indicates that
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the excited state undergoes an important geometrical change before relaxing to the ground state.
The comparison of the spectra recorded in dichloromethane and acetonitrile evidences a very slight
bathochromic shift and a remarkable decrease of the excited-state lifetime (Table 2. 7) in the latter.
Indeed, acetonitrile is more coordinating than dichloromethane and for this reason efficiently
quenches the emissive state by exciplex formation (pentacoordinated Cu").

The measurements in dichloromethane deserve some further comments. The influence of the
extent of the steric hindrance of the coordination sphere, already observed for homoleptic
complexes, is well represented by the three complexes C4, CS and C6, sharing the ligand L.6. While
C4 is completely non emissive, C6 has nearly the same emission intensity as C1, indicating that the
fused imidazole ring does not impact, to a significant extent, the luminescence properties. C5 has an
intermediate value, due to the presence of the moderately bulky methyl groups in the coordination
sphere. The comparison is done by recording all the emission spectra in the same conditions
(matching absorbance at the excitation wavelength as well as slits opening) and comparing the
luminescence intensities.

Another interesting aspect is the absence of luminescence of C7 and C8. These two
complexes are barely emissive, displaying extremely broad and shallow emission bands, an effect
due to the ligand L7. The dppz unit is known, from previous studies on Ru" complexes, to behave
like a weakly coupled dyad, where the two units (dipyrido and phenazine) behave nearly
independently.” The luminescence quenching is therefore assumed to be due to a fast electron
transfer to the phenazine unit. This hypothesis was further confirmed by nanosecond transient
absorption spectroscopy (see following paragraphs), which was used to follow the relaxation of the
triplet MLCT state of C7. The transient trace is red shifted with respect to the other complexes of
the series, and shows a resemblance with the copper-bound dppz~ signal obtained from the
spectroelectrochemical data. The quenching was then explained by a fast electron transfer from the
Cu' to the dppz moiety to form a short lived charge separated state, followed by charge
recombination on the nanosecond timescale.

The emission properties of C6’ are very similar to those of C6, indicating that the alkyl
chain, and the lack of the labile proton on the imidazole, have a negligible influence on the

photoinduced processes.
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2.4. Time-resolved photophysical characterization of the complexes

The use of molecules in solar energy conversion requires the knowledge of different

parameters, as those derived from electrochemistry, absorption and steady-state emission in order to
assess the thermodynamic aspects for each process.
Optical time-resolved spectroscopy is a useful tool to study the dynamic processes of a system
using spectroscopic techniques. Among these pump-probe techniques, UV-visible transient
absorption allows to follow the evolution of the molecules after an instantaneous pulse excitation.
This is done by measuring the variation of the electronic absorption spectrum from femtosecond to
millisecond timescale. This part of the project was carried out in the LAboratoire de Spectrochimie
Infrarouge et Raman (LASIR) in Lille by Dr. Michel Sliwa, Dr. Mateusz Rebarz and Dr. Olivier
Poizat (chapters 2, 3 and 4).

UV-visible transient absorption consists of an intense monochromatic excitation laser pulse
(“pump beam”), exciting the analyte (about 10%), and a weak white light beam which “probes”, the
excited molecules generated by the pump pulse. This technique is widely used for the study of
photoactive systems, and in particular in this thesis it will appear in chapter 2 and 3 for the
investigation of the relaxation dynamics of copper(I) complexes and in chapter 4, for the study of
photoinduced charge transfer processes. In this paragraph, the technique and the results obtained on

the previously described compounds will be reviewed.

2.4.1. Transient absorption: principles and experimental setup

The transient absorption signal is given by the difference between the absorption signal of
the excited sample after the pump pulse, and the absorption of the solution without pump. It is a non
dimensional number and is expressed as AA. This treatment is necessary because the pump pulse
usually only excites a relatively small fraction of the sample molecules, and the spectral changes

would be more delicate to observe and dependent on the probe light intensity.*

AA = Apump — AGS

where GS is the ground state.

The global result obtained after a complete experiment is a surface that describes the AA
evolution as a function of A and 7, i.e. AA(X,T).61 The section of this surface at a fixed wavelength
gives information about the kinetics of the decay, while if the time t is kept constant the spectrum

of the transient species present at that time is obtained.
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The main contributions to the transient absorption spectrum are:

» ground state bleach: due to the depopulation of the ground state, it appears as a negative
peak at the ground state absorption wavelength (the weak probe light does not influence the
excited population);

» excited state absorption: this contribution corresponds to the optically allowed transitions of
the molecules in the excited state, and therefore is represented by positive bands in the
transient absorption spectrum. As in the previous case, the excited state population is not
noticeably lowered;

* photoproducts absorption: if the studied system evolves to give products, isomers or charge-
separated states, their absorption will give rise to positive bands in the spectrum.

» stimulated emission: as the Einstein coefficients for ground state absorption (A;;) and
stimulated emission (A;;), for a two-level system, have the same value, the population of the
excited state results in the emission of photons in the same direction as the probe pulse.
These photons provoke an increase of the light intensity collected by the detector and
therefore contribute as negative signals, with a profile in the region of the fluorescence
spectrum.

An electronic detector can follow variation of few hundred picoseconds and thus the experimental
setup will be different for femtosecond (femtosecond to nanosecond) and nanosecond (nanosecond
to millisecond) transient absorption techniques. The two experimental setups used for nanosecond
and femtosecond scale transient absorption experiments will be briefly described before presenting

the results.

2.4.1.a. Nanosecond transient absorption

The nanosecond transient absorption setup is constituted by two independent light sources.
The pump beam is a nanosecond laser pulse whereas the probe beam is a white light delivered from
a stationary Xenon lamp.
The pump beam is generated by a 10Hz, 1064 nm, 4 ns Nd:YAG laser (Continuum Surelite II) ,
tripled at 355 nm and coupled to an Optical Parametric Oscillator (Continuum Panther EX OPO)
and SHOS shutter (Thorlabs). The pump wavelength can thus be selected from 355 nm to 2550 nm.
The white light (probe) is generated by a Xe arc lamp, and hits the sample cuvette at 90° with
respect to the pump. The output signal is then selected through a monochromator and recorded by
means of a photomultiplier tube. To increase the signal-to-noise ratio the Xenon pulse and transient
signal are measured during a 400 microsecond plateau (Fig. 2. 18, inset). The recorded traces for

one wavelength are averaged for several pulses and repeated for different wavelengths to
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reconstruct the spectra afterwards. The instrument has a 4 ns time resolution. Samples were
contained in a quartz cell (10x10 mm?) and the concentration was adjusted (~10™ mol dm™) to get

an absorption value of about 0.5 at the pump excitation wavelength.
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Fig. 2. 18. Scheme of the nanosecond transient absorption experimental setup.

2.4.1.b. Femtosecond transient absorption

The main aspect that distinguishes femtosecond from nanosecond transient absorption is the
shorter timescale. This makes that the electronics are not fast enough to follow the decay of the
signal any more. For this reason, the researchers had to elaborate a special setup, different from the
one previously described: two femtosecond pulses (pump and probe) are used and the probe beam
takes a picture (time resolution is within the pulse width) after a certain delay time after the
excitation.”

The most widely used laser source is a Ti:sapphire laser system, that delivers pulses of
about 1 mJ with a pulse duration of 80 fs. The fundamental beam is in a spectral range of 780 to 820
nm. The pump and probe beams are obtained by the beam-split technique: the monochromatic laser
beam is split into two contributions, each of which is sent through a different optical path. The
delay of the probe beam is obtained by a “delay line”, which allows to tune the At between the
pump and the probe pulses by mechanically moving the mirrors. A 15 pm displacement results in a
30 um delay after the excitation, i.e. a At of approximately 100 fs. The continuum (white) light is
generated through the use of an oscillating CaF; crystal and is further split in order to obtain the
reference and the sample beam. The transient absorption measurement covers the 350-700 nm

spectral range and the 0-2 ns time range. The instrumental response function is about 200
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femtoseconds. The detector is a CCD camera, whose channels are split into two sets, one dedicated
to the reference beam (that signal of the ground state sample) and the other to the sample (excited
state sample, after the pump pulse). The sample cuvette path length is 1 mm. The studied
compounds were diluted in the solvent at a concentration corresponding of OD=1 at the pump

wavelength. The stability of the sample was checked after each experiment.
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Fig. 2. 19. Scheme of the femtosecond transient absorption experimental setup.”
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2.4.2. Photophysical study of the complexes C1, C6, C7 and C8

Heteroleptic complexes with and without imidazole and phenazine units (C1, C6, C7, C8)
described previously were studied by transient absorption spectroscopy, in order to get insights into
the evolution of the excited states.

The interpretation of nanosecond transient absorption spectra is quite straightforward. Fig. 2.
20 shows the evolution of transient absorption spectra after 460 nm excitation in dichloromethane in
the nanosecond timescale for the heteroleptic complexes studied in this chapter. C4 and C8 have a

SMLCT lifetime shorter than the instrument time resolution (4 ns).
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Fig. 2. 20. Nanosecond transient differential spectra at different time delays for heteroleptic complexes after 460 nm

excitation in dichloromethane.

Two broad positive bands, 300 nm to 400 nm and 480 to 700 nm were observed, with a
negative band between 400 to 480 nm assigned to the ground state depopulation signal of the
MLCT. The ground state depopulation band and positive bands decay monoexponentially with the
same time constant. As it was discussed before, this decay is equal to the longest luminescence
decay. The positive bands are thus assigned to the excited emissive triplet MLCT state similarly to
what is reported in the literature.** From Fig. 2. 20 we can see that C1 and C2 have similar spectra

for the MLCT emissive state, with two maxima around 530 and 570 nm. C3 has also similar
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positive spectrum, however it is red-shifted of about 20 nm. This bathochromic shift for the triplet
MLCT state can be explained by a slightly increased conjugation degree induced by the phenyl
substituents. The effect is even stronger for dppz and leads to an absorption maximum at 630 nm.
Furthermore, complexes C5, C6 and C7 display only one maximum in the visible part. This
absence of vibrational structure could be assigned to a less rigid structure and explains the lower
lifetime combined to higher efficiency for the excimer formation with coordinating solvent. Finally,
one can see a second negative contribution at 390 nm for C7, which is due to the absorption of dppz
in the ground state.

Femtosecond experiments and data analysis are quite time consuming, that is why we
decided to focus only on the four complexes C1, C6, C7 and C8 which are quite representative of

the series.

2.4.2.a. Complex C1

Femtosecond transient absorption spectra recorded within the first picosecond after 400 nm
excitation pulse in acetonitrile (Fig. 2. 21, left) show the rise of three main bands: a broad
absorption band covering the 320-430 nm domain with a maximum at 360 nm, a negative band in
the 430-500 nm domain with a maximum at 460 nm (ground state depopulation), and a featureless
broad absorption band covering the 500 to 650 nm domain. The latter undergoes a red-shift while
growing. Both positive bands evolve then in a few tens of picoseconds: the high energy band decays
while the broad band in the visible evolves by narrowing and blue-shifting, until reaching the final
transient spectrum with two peaks at 533 and 574 nm which is the same spectrum obtained with
nanosecond TA. There are three clear isosbestic points at 390 nm, 550 nm and 580 nm, which are
characteristic of the evolution from A to B species. By comparison with the literature data obtained
for homoleptic complexes,® the first process, occurring in about 0.2 ps, was attributed to the
flattening of the Franck-Condon state directly formed after excitation. The slower one, occurring on
a timescale of 10 ps, is instead due to the intersystem crossing to the flattened triplet state (T)).
Interestingly, the intensity of the negative band, a bleaching due to ground state depopulation, does
not evolve during the ISC, suggesting quantitative formation of the triplet state. The rate constants
of these early processes are not strongly influenced neither by the solvent nor by the excitation

wavelength, as observed for homoleptic complexes.
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Fig. 2. 21. Femtosecond transient absorption spectra of C1 and C6 in acetonitrile obtained for different time delays after

400 nm excitation (3 mJ.cm?).

2.4.2.b. Complex C6

In acetonitrile, time evolution and transient spectra observed for C6 (Fig. 2. 21, right) were
similar to those of C1. It starts with a flattening in about 130 femtoseconds, followed by an
intersystem crossing in about 12 ps. No change of the spectra is observed after 50 ps until 1 ns and
the spectra corresponds to the one obtained by nanosecond transient absorption experiments,
leading to the formation of triplet MLCT excited state about 100% (no decay of ground-state
bleaching band). The only slight difference is that neither clear maxima nor isosbestic points were
observed during the ISC step and only a decrease of the red part the spectra has occurred. As
mentioned for nanosecond transient absorption spectra, C6 has more vibrational degrees compared
to C1, explaining this difference. Another hypothesis is that there is no clear difference between
singlet and triplet MLCT, the lowest MLCT state has not a strong triplet character (its lifetime is
quite oxygen insensitive) and the ISC is thus mainly only a vibrational cooling after flattening. This
should be confirmed by theoretical calculations. To conclude, the time-resolved spectra of C6 show
an evolution very similar to that of C1, indicating, in line with the luminescence lifetime data, that
the imidazole moiety does not have a strong influence on the formation and decay of the flattened

triplet excited state.
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2.4.2.c. Complexes C7 and C8

Fig. 2. 22 shows femtosecond transient spectra for C7 and C8 in acetonitrile after 400 nm
excitation. They exhibit different features with respect to the previously described compounds,
which can be attributed to the presence of the dppz moiety.
Concerning the rise of the transient absorption signals, the flattening time constant is shorter and a
two-step process can be seen: at first, the rise of a band at 500 nm, then, a blue-shift to give the final
positive band at 625 nm within 0.5 ps with an isosbestic point about 550 nm. The same experiments
in dichloromethane show that this second step occurs within about 1 ps. The spectro-
electrochemical study has shown that dppz radical anion has a broad absorption in the same region.
Accordingly, the formation of 625 nm band can be assigned to an electron transfer from copper(I)
to dppz moiety and could explain the difference of behaviour with respect to complexes C1 and C6.
The ISC step is also much faster (around 1.5 ps) and mainly characterized by a decrease of the red
part and a blue-shift, like for C1. The reasons for the faster intersystem crossing are still unclear,
but a lower energy gap between the flattened singlet and triplet states can be hypothesized.
Moreover, the ISC is now involving dppz radical anion and the bromine atom could favour the
triplet formation. Eventually, the final state decays in about 900 ps for both C7 and C8. The lower
energy gap between the excited and the ground state may induce a fast back electron transfer and a
non radiative relaxation. Theoretical calculations on the 