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Chapter 1

Introduction

The importance of harnessing the power of light was pointed out by
the Italian chemist Giacomo Ciamician in 1912 [1]. He was the first
to envision a world relying totally on solar energy, where the chemical
industry of the future would have played a crucial role, thanks to the
production of new substances without fossil fuel consumption. Nearly 100
years after Ciamician’s words, harvesting solar energy and exploiting it
for synthetic purposes is still one of the greatest challenges of our days,
and it is among the most intriguing and complex fields in chemistry as
well. Even if Ciamician’s vision of "forests of glass tubes" that "will extend
over the plains" as new industries relying only on solar energy is still
a mirage, it pushed scientists towards research on fundamental aspects
of photochemistry and photophysics, not just for the mere pleasure to
discover and study something new, but also for solving a problem that
is nowadays very critical, that is the quest for cleaner energy. Many of
the secret processes of nature regarding photochemistry mentioned by the
italian chemist more than one hundred years ago have been unveiled by
scientists, and great discoveries and knowledge have been achieved during
the last century. In the following sections we will briefly resume the most
important concepts regarding the field of photochemistry and photophysics,
with a special attention to metal complexes and their uses in photo-driven
reactions.



1.1 Photochemistry and photophysics Chapter 1. Introduction

1.1 Photochemistry and photophysics: general
concepts

The effects of light on matter have been studied and observed as long
as chemistry started developing as a science. The first observations of Carl
Wilhelm Scheele in 1777 on the darkening of silver chloride were perfected
by Theodor von Grotthuss in 1817, who established that only the light
absorbed is effective in producing a photochemical change. This is considered
as the first principle of photochemistry, also known as Grotthuss-Draper
law, since John William Draper was the one restating this concept in 1841.
At the beginning of 1900, the concept of photons and their quantized energy
were developed, and a relation between light absorption and capture of a
photon by an atom or molecule was established. Johannes Stark and Albert
Einstein independently formulated the photoequivalence law (second law
of photochemistry), which assesses that there should be a 1: 1 equivalence
between the number of molecules decomposed and the number of photons
absorbed. However, this ratio was not always experimentally observed,
leading to the distinction between photochemical primary processes, that is
processes directly initiated by light absorption, and photochemical secondary
processes, for all the subsequent events or reactions following a primary
process. This distinction preserves the second principle of photochemistry,
acknowledging that chain reactions may occur after the absorption of only
one photon [2].

The development in physics in the twentieth century allowed to under-
stand and rationalise the photoprocesses: the absorption of a photon with
a frequency v corresponds to the absorption of an energy:

E = hv (1.1)

where h = 6.63-1073% Js. In the case of a molecule A that absorbs one
photon, a chemical equation can be written:

A+ by — A {1}

"A" denotes a generic molecule in its ground state, while A* denotes the
same molecule in an excited state. This example can be extended to one
mole of A, absorbing one mole of photons, that is one einstein of photons.
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The absorption of monochromatic light by a substance dissolved in a
transparent medium is described by the Lambert-Beer law: the attenuation
of the intensity of the incident light (Ip) decreases as follows:

I=1Iy-10"<¢ (1.2)

where e is the molar absorption coefficient (mol™ - L - cm™), b is the op-
tical path (cm) and C is the molar concentration of the solution (mol - L1).
The molar absorption coefficient is proportional to the ability of the molecule
to absorb light, and it is wavelength dependent; the logarithmic ratio be-
tween the transmitted (/) and the incident intensities is the absorbance:

1
A=-— log(I—O) = ebC (1.3)

A molecule can absorb one photon if the energy of the photon matches
the energy difference between excited state (E¢) and ground state (FEj;):

hv = E; — E; (1.4)

The excited state of a molecule differs from the ground state not only
for the amount of energy, but also for the electronic distribution, since
the transition involves a rearrangement of electron density in the molecule.
Since physical and chemical properties are linked to the electron distribution
of a compound, a molecule in one excited state can be seen as a different
molecule compared to those in the ground state. On the other hand,
an excited state is intrinsically a transient species, since the excess of
energy acquired during the transition can be released in different forms. A
photoexcited molecule A* can undergo different types of reactions, with
their respective rate constants:

Ky
A A+ hv radiative deactivation {2}
* kp .
A Products photoreaction {3}
kn’r‘
A A -+ heat non-radiative deactivation {4}

Reaction [2] is the radiative deactivation: the photoexcited molecule re-
leases the extra energy through emission of a photon. The emitted photon
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1.1 Photochemistry and photophysics Chapter 1. Introduction

has an energy lower than the one which generated the photoexcited state.
This happens because the electron transition populates "hot" excited states,
that is vibrational excited states within electronic excited states: a vibra-
tional relaxation dissipates a small amount of energy (internal conversion),
yielding a "cold" excited state, whose energy is smaller than the transi-
tion which generated it. Reaction [3]is a general example of photoinduced
chemical reaction, which can involve only the photoexcited molecule (e.g.
an isomerisation) or the interaction of other molecules (e.g. photo-induced
electron transfer, photo-oxidation, photo-reduction). Reaction |4| depicts
the photoexcitation decay without emission of photon, and can happen
between isoenergetic vibrational levels of different electronic states |2]; in
other words, it is a coupling between vibrational states of two different
electronic states.

All these processes are in competition among themselves, and are
directly involved in defining the behaviour of the excited molecule, as well
as the lifetime of the excited state, which indicates how long the molecule
can stay in the excited state. Since the previously mentioned reactions can
be described with first order kinetics, the total lifetime of the excited state
T(*A) can be written as:

* 1 1
T( A)_kr‘l'k?p‘i'knr _Zk]
J

(1.5)

The probability of a photodeactivation pathway is proportional to its
relative rate, the efficiency for each process being described as:

ni( A) = = kit(CA) (1.6)

For one photochemical primary processes, the quantum yield can be
defined as the ratio between the number of molecules undergoing the process
per unit time and the number of photons absorbed per unit time. Only
for primary processes, it can be demonstrated that the quantum yield @ is
numerically equal to the efficiency for that process. However, when excited
states are originated from inter-system crossing or internal conversion, their
photochemical and photophysical processes exhibit quantum yields which
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take account of the efficiencies of the n previous steps that lead to the
formation of “A:

& (A) =m(A) [ (1.7)

Using equation the rate constant of a process for excited states
generated as secondary process can be written as:
o;("A
h= 2 (1.8)
TCA) [T
n

For metal complexes (especially for the second and third row metals of
the periodic table), the high spin-orbit coupling grants intersystem crossing
(ISC) efficiencies next to the unity, which means that the first generated
excited states can decay to lower energy ones with different spin states.
Thus, for these metal complexes phenomena such as emission occur from
the lowest spin-forbidden excited state (phosphorescence), while in organic
molecules, where spin-orbit coupling is very low, intersystem crossing is
more rare, and usually the emission occurs from spin-allowed excited states
(fluorescence).

1.1.1 Electron transfer

As already stated, the excited state can be regarded as a new molecule,
with different properties and reactivity. A very interesting feature of
photoexcited molecules concerns the electron transfer processes which
can happen: if we simplify an electronic transition and imagine it as the
promotion of one electron towards higher energy orbitals, we must recognize
that the photoexcited molecule contains both a "hole", that is an electron
missing from the highest occupied orbitals of the ground state, and a
loosely bound electron, which is the photoexcited one. This means that the
photoexcited molecule can be a better oxidant and reductant compared to
the same molecule in the ground state. A relation exists between ground
and excited state redox potential, and it can be demonstrated that a rough
estimation of the latter can be given by the following equations:

E°(AT/A") = E°(AT/A) — Eqo(A"/A) (1.9)

5



1.2 Metal complexes Chapter 1. Introduction

E°(A"/A7) = E°(A/A") + Eoo(A”/A) (1.10)

EO(A*/A") is the photo-oxidation potential and E°(A”/A) is the photo-
reduction potential; the convention is to write both of them as reduction
potentials, that is with oxidated species on the left and reduced species on
the right. E°(A*/A) and EY(A/A") are the ground state oxidation and
reduction potential, respectively, and EQO(A* /A) the one-electron potential
corresponding to the zero-zero spectroscopic energy of the excited state [3].

1.2 Metal complexes: photochemistry and photo-
physics

In contrast with closed shell organic molecules, whose ground state are
always singlets, transition metal complexes exhibit a wide variety of electron
configurations and spin multiplicities of ground states. Open shell systems,
such as Cr'"" octahedral complexes, have unpaired electrons in their d
orbitals, resulting in ground states with high spin multiplicity (for Cr™, the
ground state is a quartet); moreover, excited states can be associated with
different electron configurations, and thus a wider range of excited states
are available in metal complexes compared to organic molecules. Another
difference between organic molecules and metal complexes arises thanks to
heavy atoms effects: as previously discussed, transition metal complexes
(especially second and third row) feature a high spin-orbit coupling, which
increases the efficiency of intersystem crossing between excited states,
making their photophysics richer and usually more complicated. Thus,
phenomena requiring a change in spin multiplicity of the excited state
are commonly seen in many metal complexes, such as phosphorescence or
thermally activated delayed fluorescence (TADF).

As far as photochemical reactivity is concerned, metal complexes offer
a wider playground to explore, as different types of transitions lead to
different rearrangements of the electronic structure, thus modifying the
photochemical properties of the complex. For example, transitions from
bonding toz to antibonding e, orbitals are called metal centred transitions
(MC): the population of an antibonding orbital by one electron can desta-
bilise metal-ligand bonds, leading to a ligand substitution reaction. Besides

6



Chapter 1. Introduction 1.2 Metal complexes

MC transitions, depending on their electron configuration metal complexes
can undergo charge transfer (CT) transitions, which are divided in metal to
ligand (MLCT) and ligand to metal (LMCT) transitions. The "CT" term
implies that during the electronic transition an electron mostly localised
on metal valence orbitals is delocalised towards ligand unoccupied orbitals
for MLCT, and vice versa for LMCT. They are allowed by spin and orbital
selection rules, and they feature a radial rearrangement of the electron
density on the complex: this situation involves a transient change in the
oxidation states of the ligand and the metal, and can possibly lead to
intramolecular photoredox reactions. The overall reactivity depends on
many different factors, such as the stability of the oxidation states of the
metal and the ligands, the entity of the charge transfer and the localisation
(or delocalisation) of the CT.

While being useful to gain a more clear understanding of the processes
involved, it is not possible to directly predict the properties of a metal
complex based on these considerations. Firstly, because these labels are only
approximations of the observed phenomena; secondly, because the character
of the electronic transitions does not allow to predict which will be the
photoactive excited state. As already discussed, an excited state generated
through direct photon absorption may readily decay on another one, whose
character and properties may be very different. However, interpreting
photochemical and photophysical properties in light of transition metal
electron configuration can be helpful to understand the photoactivity of
metal complexes, and to help guiding the design of new compounds. In
the following paragraphs, we will try to depict the photochemistry and
photophysics of some prototypical metal complexes, in view of their electron
configuration, starting from the widely known Ru" complexes.

1.2.1 Ru" complexes

Ru" has a df electron configuration: in the low spin case, for octahedral
coordination complexes all the electrons are paired in the tg, orbitals, re-
sulting in a singlet ground state. Polypyridyl ligands such as 2,2’-bipyridine
and 1,10-phenantronline provide a ligand field strong enough to maintain
the metal in the low spin configuration; the most famous example of this
family of complexes is [Ru(bpy)s|*". The presence of a filled set of tog
orbitals on the metal and empty 7 on ligand group orbitals allows for

7



1.2 Metal complexes Chapter 1. Introduction

strong MLCT transitions, whose energy is in the visible light range thanks
to the energetic positioning of these orbitals. Moreover, these are the lowest
energy transitions, and so the electronic excited states associated are the
lowest ones for these complexes; MLCT excited states have a geometry
not very dissimilar from the ground state, since the photoexcited electron
populates an empty ligand orbital, whereas MC states are more distorted,
as a consequence of the occupation of an antibonding e, orbital. In Ru"
complexes MLCT states exhibit longer excited state lifetimes compared to
MC ones, and this is important for different applications, ranging from pho-
tocatalysis and optoelectronics: longer lifetimes allow for a higher chance
for the excited state to manifest its properties. This is the reason why
many Ru" complexes show luminescence in solution from *MLCT states;
[Ru(bpy)s)* ", for example, has a lifetime of 750 ns in alcoholic solutions
(600 ns in water), and it has an emission centred at 620 nm [4].

The lifetime of an excited state has a crucial role also in the photochem-
ical reactivity of the complex, since the more time is spent in the excited
state, the higher are the chances for the complex to engage in energy trans-
fer with surrounding molecules. This is a key factor when evaluating the
photoactivity of the complex towards photo-oxidation and photo-reduction.
Complexes in the ground state exhibit oxidation and reduction potentials,
which are affected both by the metal and by the ligands used. [Ru(bpy)s]*"
has a ground state oxidation potential of +1.26 V and a reduction potential
of —1.28 V; the ability of donating or accepting electron in the exciting
state is different, since it has a different energy than the ground state.
Knowing that the Egg(A*/A) is 2.12 eV for [Ru(bpy)s]* ", photoredox po-
tentials can be estimated using equations[T.9] and the photo-oxidation
and photo-reduction potentials are —0.86 and 40.84 V respectively. The
complex is both a good electron donor (photo-reductant) and electron
acceptor (photo-oxidant).The thermodynamic requirements matched by
the photoredox potential and the exceptionally long MLCT lifetimes make
Ru" polypyridyl complexes very good candidates in photocatalysis.

"[Ru(bpy)s*" + Q — [Ru(bpy)s*" + Q  owidative quenching {5}
“[Ru(bpy)s*" + Q — [Ru(bpy)s]” + Q" reductive quenching {6}
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Table 1.1: Abundance of some metal elements in Earth’s crust (in mass percent);
from [5]

Element Abundance Element Abundance Element Abundance

Ru 106 Cr 0.01 Zn 0.007
Re 1077 Mn 0.091 Zr 0.016
Os 5-1076 Fe 4.7 Mo 1.4-1074
Ir 1077 Co 2.4-1073 Ce 0.006
Pt 1076 Ni 7.2-1073 W 1.5-1074
Au 4.1077 Cu 0.005 U 1.7-1074

1.2.2 Earth abundant metals

Among the photoactive metal complexes investigated in the recent
years, the majority is made from precious metals, with low abundance on
earth’s crust; although many of them (such as Ru" and Ir"") are among
the best metals for photocatalytic applications, featuring high excited
states lifetimes, quantum yields and stability, it is clear that their cost
and availability represents a considerable drawback for their applications
on industrial scale processes. This is the reason why in the last years the
attention of chemists has been focused on the more abundant first row
transition metals: complexes of Cu', Fe' and Cr™, for example, have been
studied to gain a better understanding of the factors involved in their
photochemistry and photophysics. In general, the electronic configuration
on the metal and the relative energetic positioning of the metal and ligand
electrons are the crucial factors dictating the photochemistry of the resulting
complex: it is thus reasonable to classify the photoactive metals based
on their electron configuration, and understand the properties that these
configurations involve.

Cr

Cr'™ octahedral complexes feature a quartet (tag)? electron configuration
in the ground state, which is known for being kinetically and thermodynam-
ically stable, and it belongs to the A, term [6]. The first quartet excited
state configuration for octahedral complexes is (tag)? (eg)!: the resulting six

9
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4A2g 4TZga 4Tlg ZE leg

Figure 1.1: Electronic ground and excited states configurations in d® Cr"" com-
plexes assuming Oy, symmetry. From [6]

possible electron combinations yielding this configuration are subdivided
into 4T2g and 4T1g terms, the former lying at lower energies than the latter.
On the other hand, with sufficiently high ligand field strength on Cr'" ion,
the lowest energy MC excited states are those associated with a doublet
(tgg)3 electron configurations, where spin pairing occurred in the tog shell;
these doublet states belong to 2Eg and 2T1g terms (figure . These states
can be populated by ISC from the quartet excited states.

Having one electron in the ez antibonding orbitals, the quartet excited
states (4T2g and 4T1g) feature equilibrium geometries significantly distorted
compared to the ground state, while lower lying doublet excited states (2Eg
and 2T1g) feature the same electron configuration of the ground state, thus
having equilibrium geometries very similar to it. This is the reason why
Cr'™ complexes exhibit long lived excited states (from nano to microsec-
onds) and even photoluminescence: since the lowest lying excited states
and the ground state have very similar geometries, non-radiative decay is
significantly lowered, and phosphorescence can be observed. These lumines-
cence properties have been widely examined and reviewed in the literature
[7H11], and their photo-oxidizing properties were studied and proved to
be successful in photoredox catalysis of radical cation cycloaddition |12,
13|. The very first studies on Cr'" octahedral complexes focused more
on strong field monodentate ligands, such as CN™; nowadays, chelating
aromatic ligands with nitrogen donor atoms are among the most used and
investigated, since they grant strong ligand field through ¢ donation and 7
acidity [14].

Cu

As far as Cu' complexes are concerned, the electron configuration is
d'9: the d orbitals are completely filled, thus providing a symmetrical

10



Chapter 1. Introduction 1.2 Metal complexes

arrangement of the electrons around the metal centre. As a consequence,
Cu' complexes favour the tetrahedral disposition of the ligands around the
metal, since it is minimises electrostatic repulsion and provides a highly
symmetrical arrangement [15]. Moreover, the d'° configuration involves
only MLCT transitions (provided that the ligands have 7 empty orbitals
of suitable energy), while metal centred ones can not take place: thus,
there are no MC excited states for Cu'. In Cu", on the other hand, these
states are responsible for a fast non-radiative decay of the photo-excitation,
since they tend to couple with vibrational modes of the ground states
(given the high difference in the two equilibrium geometries). Generally,
MLCT transitions are very intense, and their corresponding excited states
feature both long lifetimes (hundreds of nanoseconds) and radiative decay,
which are interesting properties in photoredox catalysis and optoelectronics
respectively. The majority of Cu' compounds used in photoredox catalysis
and for their luminescent properties is represented by a-diimine (such as
phenantroline) or diphosphine complexes, or even heteroleptic complexes
mixing these ligand classes [16]. The common strategy for granting long
lived excited state lifetimes involves chelating the metal with bulky ligands,
especially in their peripheral area, in order to restrict the planarisation in
the MLCT excited state. The lability of Cu' attracted the organic synthetic
community [17, 18], also because it allows the Cu' to bind an organic
substrate and thus becoming a photoactive species [19].

Zn

Zinc is undoubtedly another interesting first row transition metal, rel-
atively abundant on Earth’s crust: however, even if Zn" shares the same
electron configuration as Cu', its complexes received less attention for pho-
tocatalysis mostly because the higher oxidation state of Zn'" involves MLCT
excited states at higher energies compared to those of Cu'. Zn" complexes
usually tend to preserve the electronic properties of the ligands bound to
the metal, without adding too much complexity into their photochemistry
and photophysics. Zn" porphyrins are used in photocatalysis and electron
transfer processes |20, 21|, given the nice electron harvesting properties
of these ligands, and other complexes have been explored as solid state
emitters |22].

11
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(Ni) 3d ——

Lt —
MLCT

(Ni) 3d TS
LJ \x

il

L SAr
Tuer~ 10 ns

Figure 1.2: Electronic structure of d® Ni"' square planar complexes. Adapted
from |23]

Ni

Nickel complexes are receiving a considerable attention concerning their
photocatalytic activity. Ni"! compounds exhibit a d® electron configuration;
in square planar geometry, the d orbitals splitting leaves only the dy2 2
empty and all the remaining ones filled, so that the ground state is a singlet.
For sufficiently strong ligand fields, metal centred excited states have higher
energies than MLCT excited states, since the empty 7t* orbitals of the
ligand are localised between the filled dyy and the empty d,2_ 2 of the metal.
As a consequence, square planar Ni'' complexes should exhibit long *MLCT
lifetimes, since their deactivation through MC states is energetically not
favourable (figure . A recent study confirmed this hypothesis, reporting
a novel Ni'' square planar complex with 7 = 4.1 ns, whereas its tetrahedral
homologue only exhibits 7 = 60 ps |23|. Tetrahedral Ni’ complexes should
behave similarly to the isoelectronic Cu' compounds; however, only a few
are luminescent, and only below room temperature [24].
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Chapter 1. Introduction 1.2 Metal complexes

Fe

A closer look at table should raise the attention on Fe: it is among
the most abundant metals on Earth’s crust, and quite cheap compared
to many other elements in that table. Iron belongs to the same group
of Ru and Os, whose octahedral complexes are well known for their pho-
toactive properties; in particular, Ru" complexes are a landmark in many
photo-driven applications, whether as emitters or as photocatalysts. As
already highlighted, the d% electron configuration of Ru" in octahedral
complexes provides >MLCT states whose energy is lower than the metal
centred states, which results in long excited state lifetimes and radiative
decay of the photo-excitation. Being in the same group, Fe" shares the
same electron configuration; however, Fe polypyridyl complexes do not
exhibit neither luminescence, nor long excited state lifetimes as the Ru"
ones. This is a consequence of the weaker ligand field of the first row
transition metals compared to second and third row ones: the radial distri-
bution of 3d electrons is closer to the metal core compared to 4d and 5d
electrons, resulting in an intrinsically smaller ligand field. As a consequence,
Fe'" complexes have metal centred excited states lying at lower energies
compared to 3*MLCT ones, which can deactivate really fast (around 50
fs), since there is nearly no energetic barrier between MLCT and these
MC states. The photoexcited electron is thus transferred to MC states,
associated to high spin (t2g)° (eg)! (3T1g and 3Tag) or even low spin (tgg)?
(eg)? (°Tog) configuration with highly distorted geometries compared to
the ground state: non-radiative coupling through vibrations between MC
and ground states is highly favoured, on a picosecond scale (figure @ For
[Fe(bpy)s|*", the lifetime of MC excited state is 7 = 650 ps |25, [26], and it
was exploited in photocatalysis by Gualandi et al. |27].

This electronic situation allows to tune the ligand field on Fe' and
make high spin complexes which can undergo light induced spin crossover
(SCO): a first MLCT transition promotes one electron on the respective
excited state, which deactivates to a lower 3MC excited state and eventually
to a "MC state, since their energy is comparable. This process has been
well described |26], and many complexes with SCO properties have been
studied. The versatility in coordination chemistry of Fe'" allows to synthesise
complexes with medium and high ligand field strength on the same metal
centre, providing intermediate ligand field splitting and good SCO |[29.
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Figure 1.3: Electron configuration and potential energy diagram of the excited
states for [Ru(bpy)s]®" (top); Tanabe-Sugano diagram for d® electron
configuration and potential energy diagram of the excited states for

[Fe(bpy)s]*" (bottom). Adapted from
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However, these complexes can not exhibit photoactivity, since the excited
states formed have very short lifetimes.

Metal centred states on Fe" have intrinsic low lifetimes, since the
respective electron configurations always exhibit highly distorted geometries
compared to the ground states, thus favouring non-radiative decay; to
prevent crossing between MLCT and MC states on Fe'' complexes, it is
necessary to increase the energy of MC states compared to MLCT ones.
There are two possible ways to achieve this: to stabilise SMLCT (that is,
decreasing their energy) and to push MC states to higher energies. This
can be achieved by increasing the ligand field strength on the metal: many
different strategies have been explored up to date, and all of them focus on
the ligands and the coordination environment around the metal centre |28].
There are basically six key features at the core of each possible strategy for
enhancing MLCT lifetimes in Fe' complexes:

1. creating highly symmetric ligand fields around the metal;

2. using push-pull systems with high symmetry;

3. accessing °MLCT states through highly strained complexes;

4. enhancing ligand field strength with strong o-donor NHC ligands;
5. cyclometalation with o- and w-donor ligands;

6. combining o-donation and 7-acceptance with mesoionic carbene lig-
ands.

High symmetry When the geometry around the metal centre is close to
the ideal octahedron, the overlap between metal and ligand orbitals is very
strong, resulting in a stronger ligand field splitting of the metal orbitals.
This strategy was brilliantly applied by Jamula et al. [30]: the authors
used 2,6-bis(2-carboxypyridyl)pyridine (dcpp), a tris-chelating ligand which
provides a nearly perfect octahedral geometry in homoleptic complexes
(figure a). The presence of carbonyl groups between the pyridyl rings
allows the ligand to adopt a sterically less constrained configuration around
the metal centre compared to other polypyridyl ligands. Electrochemical
measurements confirm the increase in the ligand field strength for the dcpp
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Figure 1.4: Key strategies and concepts for extending MLCT lifetimes in Fe''
complexes. Adapted from
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ligand compared to bpy and terpy, since for [Fe(depp)y)?” an oxidation

potential £y /5 = 1.29 V was observed, which is higher than those reported
for the bpy (FE;/, = 0.66 V) and terpy Ej/ = 0.71 V analogues. However,
the complex shows excited state deactivation dynamics which are three
times faster than those observed for [Fe(bpy)s]*". The authors speculate
that the ligand field is so strong that the lowest excited state is 3T1g and
not 5T2g, thus involving a higher coupling with the ground state, due to
the reduced spin multiplicity of the triplet compared to the quintet.
Overall, providing a highly symmetric octahedral environment around
the metal centre is generally a good option, and it is seldom employed in
combination with strategies described in the next paragraphs.

Push-pull systems Push-pull complexes are systems in which there
are both electron donating and withdrawing groups on the ligands bound
to the metal centre: in an octahedral environment, electron donation to
the metal destabilises the ey orbitals, while electron acceptance stabilises
the toe which have m symmetry. The resulting effect is the increase in
energetic splitting of t; and ey orbitals, and the destabilisation of MC
excited states. Since Fe'' has a very versatile coordination chemistry, it is
possible to synthesise heteroleptic complexes with two (or more) ligands
bearing the two distinct electron donating and accepting properties. Mengel
et al. [31] synthesised a complex with the dcpp ligand (as in reference
[30]) and N,N’-dimethyl- N, N’-dipyridine-2-yl-pyridine-2,6-diamine (ddpd),
which is a tris-chelating ligand whose pyridyl rings are bridged by N—CHj,
moieties (figure b). While the carbonyl groups of depp provide electron
accepting properties, the nitrogens on ddpd grant high electron donation.
Unfortunately, picosecond MLCT excited states could not be observed
for the heteroleptic complex [Fe(dcpp)(ddpd)|*", the observable ground
state recovery being attributed to a ?’Tlg state; the authors speculate that
this case is similar to the previously described one, where the ligand field
is strong enough so that 3T1g state is lower in energy compared to 5T2g,
resulting in a faster deactivation of the photo-excitation.

Accessing SMLCT states: highly strained complexes A very dif-
ferent strategy stems from the results of a computational study on Ru"
complexes with high repulsion between ligands: the results highlighted how
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interligand interaction may hinder the motions responsible for the coupling
between MLCT and MC excited states [32]. Shepard et al. [33] studied
strained Fe' complexes with halogen substituted terpyridines (figure c);
the repulsion between ligands bound to the metal induced by the halogen
atoms should be enough to force the ground state into a quintet 5T2g, and
not the singlet 1Alg. SMLCT excited states can be directly populated
by these complexes, and "MLCT can be generated through ISC. Despite
showing some lability due to the high strain, the authors were able to
prove that the MLCT (or TMLCT) states deactivated with a time constant
up to 14.0, 16.0 and 17.4 ps for the F, Cl and Br substituted complexes
respectively. These lifetimes are nearly 360 times longer than [Fe(bpy)s|*".

Enhancing ligand field strength with NHC carbenes Increasing
7 acidity of ligands proved to be successful in increasing the ligand field
on the metal. A complementary approach is to boost o donation, which
directly increases the energy of e, antibonding orbitals, and consequently
the MC excited states. Ligands such as N-heterocyclic carbenes provide a
highly directional and strong o donation through the carbene moiety, much
stronger than the usual M—N coordination bond, while giving only modest
contributions to the m acidity. Luckily, NHC chemistry is versatile enough
to:

e provide ligands with both carbene moieties and N coordinating sites,
such as pyridines;

e allow functionalisation on the ligand backbone, such as extending the
T system.

The first Fe"-NHC complexes were reported by Liu et al. [34] (figure
d): electrochemical measurements proved that the o donation of NHC
is superior to the tpy, since the Fe'"' /Fe" potential for Fe'-NHC complex
is 300 — 400 mV higher than for [Fe(tpy)s]>". The excited state behaviour
of the complex was investigated by ultrafast transient absorption (TA)
spectroscopy, which revealed that the first generated 'MLCT state inter-
converts in 3MLCT in less than 100 fs, and the latter decays on MC in
about 9 ps. The nature of the latter excited state has been elucidated only
in another work [35], where a thorough computational characterisation of
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Figure 1.5: Fe"' complexes with NHC ligands. R=CHj, dipp=diisopropylphenyl;
adapted from [28§]

the ground and excited states for the Fe"-NHC complex has been carried
out. Interestingly, the results suggest that the triplet 2MC state is lower
in energy than ®MC, and that ISC between these two is not probable; on
the other hand, the potential energy surface of SMLCT features a shallow
minimum and a crossing point with the 3MC state, confirming that the
latter is populated in the deactivation pathway. This evidence marks a
significant difference in the photodynamic behaviour of Fe"-NHC compared
to traditional polypyridyl complexes.

Giving their promising features, more NHC complexes have been studied
and designed, aiming to increase even more the excited state lifetimes of
SMLCT. Maintaining the C(im) ™ N(py)~C(im) backbone, Duchanois et al.
[36] reported a NHC ligand functionalised with a carboxylic group on the
pyridyl ring: the corresponding Fe'' complex exhibited 3MLCT lifetimes of
16 — 18 ps, nearly two times longer than the complex without carboxylic
groups. It appears that MLCT transition in the visible range pushes
electron density from the metal towards the COOH moieties: this effect was
exploited to assemble a dye-sensitised solar cell, by anchoring the complex
to TiO4 support. Incident photon-to-current measurements proved that
electron injection from the photoexcited Fe' complex to the conduction
band of TiO, was possible, and directly involved MLCT excited states.
Further work was carried out to perfect the DSSC system, revealing that
the Fe"-NHC complex was able to inject electrons in TiO, conduction band
with a 92% conversion of photons to electrons [37].

Other works presented results on carbenes featuring benzidimidazolyli-
dene groups, which increase the 7w acidity of the ligand, and report even
longer lifetimes (up to 26 ps) [38|, raising even more interest in the research
of new NHC photoactive complexes (figure [1.5). Heteroleptic complexes
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containing NHC and traditional polypyridyl ligands have been characterised
as well, and a correlation between the increase in number of NHC ligand
around Fe'" and the 3MLCT lifetime was found [39]. Many advances on
Fe"-NHC complexes have been brilliantly reviewed in the literature |40,
41).

Cyclometalation with ¢- and 7-donor ligands Cyclometalating lig-
ands are another class of compounds which can provide strong ligand field
on a metal centre; they stand out for the strong C—M bond, as the carbon
brings a negative charge in the bonding, in contrast to carbene groups, in
which the donor carbon atom are neutral (figure e). Computational
works predicted a destabilisation of MC and a stabilisation of SMLCT
states, with a little help from 7 donation as well [42|. Interestingly, calcula-
tions were able to predict a destabilisation of MC states only if the C atoms
are placed on peripheral rings of tridentate ligand (in a C—N—C fashion),
whereas the same effect is not observed for ligands with C donor atoms
placed on the central ring [43]. However, studies on cyclometalated Fe™ are
mostly limited to theoretical calculations, the experimental investigations
being less advanced. It is possible that the little improvements observed
with these ligands on Ru' systems has lead chemists to explore other more
viable routes |44} 45].

Mesoionic carbene ligands: strong o-donation and m-acceptance
Mesoionic carbene are a specific subclass of NHC which is characterised by
the presence of both a positive and a negative charge on the heterocycle.
Lewis structures of these compounds can be written in two mesomeric forms,
where the charges are localised on different atoms. The formal negative
charge on the C atom accounts for a greater o-donation compared to normal
NHC ligands, thus their Fe" complexes should exhibit a stronger ligand
field. The first heteroleptic complex with bpy and 4,4’-bis(1,2,3-triazol-
5-ylidene) (btz) ligand was reported and characterised by Liu et al. [46]
(figure f): the SMLCT excited state showed a lifetime of 13 ps, which
is about 100 times longer than in [Fe(bpy)s|>". The homoleptic complex
[Fe(btz)s)*" was reported by Chébera et al. [47]: as expected, replacing a
bpy with the mesoionic btz increased the lifetime of SMLCT state to the
exceptional value of 528 ps. The latter complex was also predicted to be
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a strong photo-reductant, with an oxidation potential of —1.2 V versus
ferrocenium /ferrocene couple.

As far as photoluminescence is concerned, the d® electron configuration
of Fe'" provided surprising and unexpected results, in contrast with the non-
luminescent Fe" compounds analysed so far. In particular, the homoleptic
Fe'™ complex with the mesoionic ligand btz provided superior photophys-
ical properties compared to the Fe'' analogue: Mossbauer spectroscopy
confirmed the low spin 3d® configuration, associated to 2Ty ground state.
The absorption transitions at 528 and 558 nm are ligand to metal charge
transfer transitions, leading to the corresponding 2LMCT excited states:
the surprising and unexpected result is the photoluminescence from these
excited states, which makes [Fe(btz)s]®>" the first iron photoluminescent
complex [48], 49]. The 2LMCT decays to the ground state with 7 = 100
ps, and no evidence of population of MC states was found: the authors
suggest that there are energetic barriers high enough to prevent the crossing
between these states, and that the geometry of the 2LMCT is only weakly
distorted compared to the ground state.

Finally, the nanosecond range for excited state lifetimes in iron com-
plexes has been reached by Kjeer et al. [50], who synthesised a Fe'™ complex
with two scorpionate-like tris(carbene) ligands: again, the nearly perfect
octahedral coordination coupled with the strong ligand field induced by
the anionic ligands confers a low spin d® configuration. The 2LMCT states
exhibited a 2.2 ns lifetime, a true record for these complexes; furthermore,
the same excited complex is both a strong reductant (Eoz = —1.9 V) and
good oxidant (E,..q = 1.0 V), thus representing a first valid alternative to
Ru" polypyridyl complexes even in photocatalysis.

Co

Given the same d® configuration, Co™ is a nice alternative to Fe',

even if it is less abundant. Very promising and interesting results have
been provided by Pal et al. [51]: the authors report two Co™ octahedral
homoleptic complexes with strong o-donor and electron rich tris-chelating
ligands, with lifetimes of 3.21 and 5.07 ns. In this case, however, the long
lived excited states are SLMCT, which turned out to be emissive in the blue
visible region. The complexes proved to be very strong photo-oxidants and
were used for the trifluoromethylation of polycyclic aromatic hydrocarbons;
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albeit very interesting, it is worthy to note that a photosensitizing effect from
the substrate was observed, since not all the tested aromatic hydrocarbon
molecules were reactive.

1.3 Scope of the work

Of all the discussed Earth abundant metals, iron is the one that catches
most of the attention: all the recent works published and the efforts of
the scientific community in exploring the field rise interest, new ideas
and questions. All the strategies proposed in the previous section for
increasing MLCT excited state lifetimes of Fe'' complexes aim to emulate
both photoluminescence and photoredox behaviour of Ru'' complexes; the
research thus far aimed to perfect and to improve the photophysics of Fe'!
complexes using a coordination chemistry approach. In fact, the main
focus has been the increase of the ligand field on the metal centre, through
accurate choice and design of the ligands; besides the studies of electron
injection in TiO, conduction band [36], very little work has been done to
examine the potential benefits of the interaction of Fe'' complexes with
solids.

In this regard, metal-organic frameworks may provide an innovative
approach for improving photophysical properties of Fe'' complexes. As an
emerging class of optoelectronic materials, MOFs allow a flexible design of
structures in which chromophore-based linkers (and even metallo-ligands,
that is metal complexes with polytopic ligands) can be bound to metal
nodes through coordination bonds, generating highly crystalline and even
porous materials. Such MOFs could offer unique photophysics and exciton
dynamics very different from those observed in stacked solid chromophore
assemblies [52]. The ordered disposition of photoactive ligands can lead
to a control of interchromophoric interactions, whether for boosting them
or limiting them: phenomena such as aggregation-induced emission (AIE)
from specifically designed ligands have been successfully transposed in the
MOF world, thanks to the controlled aggregation systems provided by the
latter [53]. Another important factor affecting photophysics in MOFs is
the topology: chemically identical but topologically different chromophore-
based MOFs may feature a non-identical concentration and orientation of
the linkers in their nets, resulting in distinct photophysical properties. This
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was actually observed for two Zr" with the same tetracarboxylate linker,
NU-901 and NU-1000, but with different topologies. For NU-901, a direct
evidence of excimer formation has been proved, while NU-1000 lacks this
spectral feature. The authors were able to prove that the chromophore
assembly and disposition in the two different topologies were responsible
for the different photoactivity of the two materials [52].

Besides cooperation effects among chromophores and the possibility of
having different orientations and dispositions in space of the photoactive
ligands, metal-organic frameworks offer a rich playground of metal centres
whose properties can be exploited in optoelectronics. The nature of the
metal node directs not only the arrangements of the ligands in the final
structure, but it also opens possibilities for photoexcited electron transfer
from ligands. It has been suggested that the superior photocatalytic
activity of Ti-UiO MOF analogues is provided by the good overlap of
the empty d orbitals of Ti"V with the ligand; this is possible since the
energies of the orbitals involved are similar. On the other hand, Zr'Y and
Hf"Y have d orbitals with energies too high for a good overlap with ligand
orbitals, and they do not allow charge transfer from the ligand to the metal
nodes [54]. In some cases, LMCT charge transfer could positively improve
photoexcitation lifetime, but the effect seems to be system dependent: it is
true if the acceptor states are intrinsically long lived, but if they provide
non-radiative deactivation pathways (such as coupling with phonon modes),
then the opposite is true.

Concerning the lifetimes of chromophores inside the MOFs, there is
still not a clear vision on the key factors needed to improve them; one
of the few successful results has been obtained by Luo et al. [55], who
report a two orders of magnitude excited state lifetime increase of a Ru'
complex incorporated in a Zn-based MOF. The authors do not provide an
explanation of the reasons of this outstanding lifetime increase, pointing
out that the factors leading to these results are still not fully understood
and harnessed. In fact, a different Ru" complex has been previously
incorporated into a MOF', but a shortening in excited state lifetime was
reported in that case [56]. Since the emission detected by Luo et al. [55] was
clearly attributed to the Ru" complex and no significant shifts in UV-Vis
reflectance were found, it could be speculated that here the role of the
metal-organic framework is twofold: it may provide a reversible energy
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transfer between MLCT states of the complex and either metal nodes or
co-ligand orbitals, and it confers a structural rigidity to the metallo-ligand.
The ordered arrangement of the polytopic metal complex and the local
environment in the final structure may help to minimise the geometric
distortions occurring during the electronic transition, thus resulting in less
distorted excited states. As a consequence, their coupling with distorted
MC excited states in d® metal complexes may suffer an increase of the
energy barrier required for the inter-system crossing, since a geometrical
reorganisation is disfavoured, and/or a kinetic control, due to the same
reasons. On the other hand, photophysical studies on Ru" complexes
in rigid media, such as poly(methyl methacrylate), attribute the longer
MLCT lifetimes to a "photochemical cage effect", that prevents ligand
photodissociation from the accessible MC states. The main photophysical
differences in solid media compared to solution ones were not ascribed
neither to a stabilisation of MLCT or destabilisation of MC states, nor to a
reduced energy barrier for their ISC, but mostly on the different polarisation
environment and to the hindered photodissociation [57]. However, MOFs
are not merely comparable to classic rigid media: the chromophores are
arranged in an ordered manner, with regular orientations and definite
chemical bonds within a crystalline structure. For chemically stable and
non-flexible MOFs, photodissociation on the metallo-ligand is still hindered,
thanks to the rigidity of the environment and the directionality of the
coordination bonds. This concept has been proved by Micheroni et al.
[58], who trapped a Ru'" polypyridyl complex into the pores of a MOF;
the confined environment was able to prevent ligand photodissociation,
thus hindering the non-radiative deactivation from MC states. Even Os"
complexes share this photochemical behaviour when confined in a MOF
[59].

Within this background, we want to explore the possibility of synthe-
sising a strong ligand field Fe" complex following the guidelines depicted
in the previous section, with a polytopic organic ligand, and we want to
incorporate this complex as a metallo-ligand in a metal-organic framework.
We believe that forming a coordination bond between the complex and
another metal node can open a new way to enhance excited state lifetimes
of these Fe" complexes, leading to a possible new photochemistry and
photophysics for this class of compounds. In the next sections we will
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describe first the quest for a strong ligand field Fe" complex, then the
different trials we carried out for the synthesis of a MOF incorporating the
chosen ligand. We provide complete information about unsuccessful and
successful syntheses, as well as a critical analysis of the results, aiming to
ease any further work with these kinds of systems.
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Chapter 2

Tris(2-pyridyl) ligands

Tripodal ligands (also referred as tripod ligands) are facially coordi-
nating, tridentate chelating molecules; the metal binding sites are usually
nitrogen atoms on aromatic rings, such as pyrazolyl or pyridyl groups.
Tris-pyridyl ligands are neutral and the pK, of pyridine conjugate acid is
5.25, which makes these ligands better sigma donors than tris-pyrazolyl
compounds (pK, 2.48). Moreover, pyridine is a better 7 acceptor than
pyrazole: these characteristics make tripodal pyridyl based ligands ideal
for providing a strong ligand field in transition metal complexes [60].

Tris(2-pyridyl) (tp) ligands can be classified by the bridgehead atom,
that is the atom connecting the three pyridyl moieties: besides carbon
bridged ligands ((py);sC—R), P, P=0, As, N, B, Al, Si, Sn and Ge bridged
ligands can be found. Depending on the bridgehead atom, electron density
on the ligand can be modulated, as well as the degree of conjugation among
the pyridyl rings [61]. Carbon bridged tripodal ligands have been first
synthesised with the procedure published by Wibaut et al. [62], where a
lithiopyridine reacts with a dipyridyl ketone; many different compounds
are reported in literature, with carbon based bridgeheads such as C—H,
C—OH, C—NH,, C—OCH3 and C—py. One recent synthesis of 1,1,1,-
tris(pyrid-2-yl)-ethane (tpe) (bridgehead group C—CHj;) has been proposed
by Santoro et al. [63|, where a monolithiated 2-ethylpyridine was reacted
with 2 equivalents of 2-fluoropyridine. This synthesis provides a relatively
easy way to obtain tpe ligand, and does not require any purification; the
authors also report complexes of tpe with Fe', Co", Co'™, Cu", Pd" and
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o) OH —|2+

R=COOH
(a) 2,2,2-tris(pyridin-2- (b) [Fe(tpa)o]*"
ylacetic acid (tpa) (FeC34Ho6NgO,)
(C17H13N30,)

Figure 2.1: Lewis structures of tpa and its Fe'' complex

Ag', proving the high versatility of this ligand. Magnetic susceptibility
measured at room temperature and NMR data show that complexes with
Fe'" and Co™ are diamagnetic, and hence low-spin, confirming that the
ligand exerts a strong ligand field on transition metals. Moreover, the
coordination geometry around the metal centre is very close to octahedral,
with trans angles of 180° and bite angles of pyridines belonging to the
same ligand around 88°; Fe—N bond length are very similar, spanning only
from 1.971(2) to 1.976(2) A. Overall, both these geometric and electronic
properties make tpe a strong field ligand, raising interest on the possibility
of enhancing excited states lifetimes of Fe" complexes.

Recently, Treiling et al. [64] synthesised a Cr'" complex with tpe lig-
and, featuring the astonishing excited state lifetime of T = 4500 ps in a
D,0/DCIO, mixture, which shortens to T = 2800 ps in a HyO/HCIO,
mixture. The autors attribute the increase in lifetime photoexcitation to
the stronger ligand field of the facially coordinating tpe compared to other
polypyridyl ligands; moreover, they suggest that the inversion centre occur-
ring in [Cr(tpe)o]®™ may affect the absorption and emission properties, and
that tpe ligand may also engage in ligand-based redox chemistry (ligand
non-innocence).

For the scope of this work, it would be interesting to have a ligand
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with the same properties of tpe, but with further functional groups on the
bridgehead C atom able to coordinate other metals, such as a carboxylic
group; in other words, it would be interesting to synthesise a polytopic
tris-pyridyl ligand. A ligand such as 2,2,2-tris(pyridin-2-yl)acetic acid
would grant the coordination of a transition metal, such as Fe'' (figure ,
through nitrogen atoms, and of other metals through the carboxylate moiety,
allowing for the synthesis of supramolecular multi-metal systems. To date,
polytopic ligands such as 2,2,2-tris(pyridin-2-yl)acetic acid (C;7H3N305)
are not reported in literature; thus, a computational study was carried out
to understand if this compound could be efficiently modelled, and different
synthetic routes to get this product have been attempted and described in
the next sections.

2.1 Materials and methods

All calculations have been performed with Gaussian 16 software [65]
at B3LYP/6-311+G(d,p) level of theory [66]; geometries were optimized
to an energy minimum, and the calculated vibrational frequencies for the
optimised geometries were all positive. All the reactions have been carried
out in flame-dried vessels under inert Ny atmosphere with standard Schlenck
techniques. Tetrahydrofuran (THF) was distilled over Na/benzophenone;
n-butyllithium (n-Buli) solutions were titrated prior to use according to
literature procedure [67]. Reactions requiring temperatures of —78 °C were
cooled by an ethanol-liquid nitrogen bath, which was hosted in a small
semispherical dewar suited for round bottom Schlenck flasks.

NMR spectra were recorded on a JEOL ECZR 600 spectrometer, op-
erating at 14 T, at 25°C in an appropriate deuterated solvent; chemical
shifts were referenced using the residual solvent proton resonances.

2-pyridylacetic acid hydrochloride 99% (CAS: 16179-97-8), ethyl 2-
pyridylacetate 98% (CAS: 2739-98-2), n-butyllithium solution (nominal
concentration: 2.5 M in hexanes, CAS: 109-72-8) diisopropylamine 99.95%
(CAS: 108-18-9) and sodium sulfate 99% (CAS: 7757-82-6) were bought
from Sigma-Aldrich. 2-fluoropyridine 99% (CAS: 372-48-5) was bought
from Alfa Aesar. Tetrahydrofuran 99% (stabilised with 250-350 ppm BHT)
was bought from Thermoscientific. TLC silica gel 60 Fa54 were bought
from Merck.
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2.2 Computational modelling

Optimised geometry of 2,2,2-tris(2-pyridyl)acetic acid features the three
pyridyl rings arranged in a propeller-like fashion, as observed in many free
scorpionate ligands; the rings are still able to rotate around the C,,—C, axis,
provided that the rotation of all three rings happens in the same direction,
to minimise repulsion between C—H groups of different rings. Rotation
of the pyridyl group allows the ligand to acquire the right conformation
for the coordination of metal ions through nitrogen atoms. Calculated
UV-Vis spectrum in vacuo shows the lowest borad transition centred at
237 nm, and a narrower one at higher energies, centred at 196 nm. Both
transitions embrace different exctited states; however, while the greatest
contribution to the highest energy transition is observed mostly from one
state (number 47), the lowest energy transition shows equal contributions
from states number 11 and 7. Natural Transition Orbital (NTO) analysis
of these states reveals that state 7 features a transition occurring from
one occupied orbital, with electron density well distributed on the whole
molecule, to a virtual orbital which shows a greater contribution from two
pyridyl rings and the COOH group. Contrariwise, NTOs of states 11 and
47 feature mostly a rearrangement in the electron density on the pyridyl
rings during the transition (figure [2.2]).

The cationic complex [Fe(tpa)y]°" has been modelled as well; similarly
to other tripodal ligands, the structure of tpa allows only a fac coordination
of the metal centre. The optimised geometry is in agreement with the
one of [Fe(tpe)s]>" complex reported by Santoro et al. [63]: Fe—N bond
distances are very similar to the experimental ones for the tpe complex, and
the angles of the octahedral coordination environment are nearly identical
as well. Comparisons of bond lengths and angles between the experimental
tpe complex and the calculated tpa complex are reported in table
the longest Fe—N bond length was used to assign the numbering in the
calculated [Fe(tpa)y)*" structure, thus obtaining the numbering for the rest
of the molecule according to the work of Santoro et al. [63|. These data
suggest that the C—COOH bridgehead group does not alter the coordination
properties of the tpa ligand compared to the tpe analogue.

Electronic spectra of [Fe(tpa)o]*" have been calculated as well; as
expected, new transitions arise in the complex, compared to the free ligand.
A new broad transition centred at 352 nm with a shoulder at 321 nm is
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9
(a) State 7 - occupied (b) State 7 - virtual

x:rrx&

(c) State 11 - occupied (d) State 11 - virtual

(e) State 47 - occupied (f) State 47 - virtual

Figure 2.2: Natural transition orbitals for tpa ligand (top view)
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Figure 2.3: Calculated molecular structure of [Fe(tpa)s|*"; hydrogens have been
removed, and all bonds are represented as single bonds for better

clarity

Table 2.1: Bond distances (A) and angles (°) of [Fe(tpe),)*" and calculated
[Fe(tpa)y]*"

[Fe(tpe)*"  [Fe(tpa)y]*"

Fe—N(1) 1.971(2) 2.011

Fe—N(2) 1.972(2) 2.011

Fe—N(3) 1.976(2) 2.045
N(1)—Fe—N(1}) 180 179.99
N(1)-Fe—N(2)  88.34(9) 87.79
N(1)-Fe—N(2')  91.66(9) 92.20
N(1)-Fe—N(3)  88.12(9) 87.47
N(1)=Fe—N(3")  91.88(9) 92.53
N(2)—Fe—N(2}) 180 179.99
N(2)—Fe—N(3)  88.20(9) 92.53
N(2)—Fe—N(3")  91.80(9) 92.53
N(3)—Fe—N(3}) 180 179.99
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Table 2.2: Calculated absorption maxima of tpa ligand and [Fe(tpa)s|*"

tpa [Fe(tpa)s]*"

(nm) (nm)
196 212
236 236

321 (sh)
352

present in the calculated spectrum of the complex, while at higher energies
two transitions can be found at 236 and 212 nm, as in the free complex
(see table . This behaviour is in agreement with the electron structure
of a d% metal complex, where the highest energy transitions are mostly
ligand based, and the lowest energy ones arise from the interaction of
the metal orbitals with those of the ligand, thus being MLCT in nature.
NTO analysis of the lowest energy transitions proved that states 7, 8, 11
and 13 are involved in the broad transition centred at 352 nm, and the
contributions of the occupied orbitals are metal centred, while those of
unoccupied orbitals are mostly on the ligands: the same happens for the
weaker transition around 321 nm, which is generated by states 16 and
17. These results confirm that these low energy transitions are MLCT in
nature, and they involve a major rearrangement of electron density from
the metal towards the pyridyl ring of the ligand. Pictures of the calculated
NTO can be found in section [Al

It is interesting to note that the carbonyl group does not seem involved
in these low energy transitions; it is thus expected that deprotonation of
the COOH would not result in a dramatic colour change of the complex. It
could be speculated that there are two reasons why the carbonyl group is
not significantly involved in these transitions: first, the orientation of the
pyridine rings after the coordination to the metal centre prevents the overlap
between pyridyl and carboxyl group orbitals. Second, the C bridgehead
atom may not provide enough conjugation among pyridine rings and the
carboxyl group, thus limiting the electronic effects of metal coordination to
the pyridyl rings.
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2.3 Synthesis of 2,2,2-tris(2-pyridyl)acetic acid

The synthesis of the ligand was designed based on literature syntheses
of other tris-pyridyl compounds: the main strategy is metalation of an
alkylpyridine, followed by reaction with a 2-substituted pyridine. For exam-
ple, literature syntheses of 1,1,1-tris(2-pyridyl)ethane involves the reaction
of 2-ethylpyridine with only 1 equivalent of n-buthyllithium at —78 °C,
followed by addition of 2 equivalents of 2-fluoropyridine at —30/—40°C as
the coupling partner [63], 64]. It is argued that the release of F~ by the first
equivalent of 2-fluoropyridine reacted with the lithiated substrate is respon-
sible for the deprotonation of the intermediate 1,1-bis(2-pyridyl)ethane,
which undergoes the second addition of 2-fluoropyridine to yield the desired
product.

To synthesise the new ligand, 2-pyridylacetic acid hydrochloride has
been selected as starting material; 3 equivalents of n-Bulii are necessary
to neutralize the hydrochloride, the carboxylic acid proton and the proton
on Cx. Thus, to a suspension of 1 equivalent of 2-pyridylacetic acid
hydrochloride (175.3 mg, 1 mmol) in dry THF (15 mL), 3 equivalents of
n-BuLi were added dropwise at —78 °C while stirring. After 1 hour, the
temperature was adjusted at —30 °C and 2-fluoropyridine (173 pL, 2 mmol)
was added dropwise though a syringe. After 1 hour, the reaction was left
to reach room temperature and heated to reflux overnight. The reaction
was quenched with THF, and then all the solvent was evaporated under
vacuum. The resulting yellow solid was dissolved in the minimum amount of
water, and acidified at pH 7 with HCl 1 M. Through slow evaporation, this
solution yielded big colourless crystals, suitable for SC-XRD measurements.
The obtained product is a 1D Li coordination polymer of 2-pyridylacetate,
whose formula is [Li(H,0)]3(2—pyridylacetate),Cl (compound 1, figure
, section . The asymmetric unit of this product contains two 2-
pyridylacetate ions, one of which coordinates two Li* on the oxygen atoms
of the carboxylate in a syn,ant: mode, while the other one only chelates one
Li" between the O of the carboxylate and N of they pyridyl ring. The three
water molecules in the asymmetric unit bridge different Li* ions, and one
CI” balances the total charge. Expanding the structure allows to understand
the connectivity of the 1D Li polymer: it has a rod-like structure, where
the unidimensional connection is granted by bonds between Li" ions and
oxygen atoms of carboxylates and water molecules both. The pyridyl groups
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point outwards the resulting rod, and the chlorides are aligned in a row,
separating each rod from another. Overall, this coordination polymer was
the only isolated product from this synthesis, and it is thus reasonable to
assume that the reaction between 2-pyridylacetic acid and 2-fluoropyridine
did not take place.

A different synthetic procedure was adopted, involving the use of ethyl
2-pyridylacetate as precursor and lithium diisopropylamide (LDA) as de-
protonating agent: the ester is liquid, and can be better dissolved in THF,
while the use of LDA prevents nucleophilic addition on the carbonyl moi-
ety during the deprotonation step. The setup was optimised as follows:
LDA was prepared by slowly adding to a small excess of diisopropylamine
in anhydrous THF the n-BuLi solution at 0 °C, under inert atmosphere;
the resulting mixture was stirred for 30 minutes. Then, the reaction was
brought to —80 °C with the cooling bath, and ethyl 2-pyridylacetate was
slowly added though a syringe and left to react under stirring for 2 h at —80
°C. The reaction was then allowed to reach —40 °C and 2-fluoropyridine
was slowly added to the mixture, which was left to react for 2 h under
stirring. The reaction mixture was then left to reach room temperature
and quenched with brine (10%); the organic layer was separated from the
aqueous one, and evaporated under vacuum. The resulting brown oil was
tested by TLC, using a petroleum ether/ethyl acetate mixture (98% in
petroleum ether): one product was found running on the TLC plate, with
a Ry=0.15; moreover, TLC allowed to assess that the reagents used are not
present in the raw product.

The product was then purified by flash column chromatography, and
dried at the rotary evaporator. The resulting colourless oil was analysed
through "H-NMR spectroscopy, using CDCI; as solvent. The isolated
molecule features the following signals and integrations: 'H-NMR (CDCly):
0 1.3 (d, 12H), 4.3 (septet, 2H), 6.4 (t, 1H), 6.5 (d, 1H), 7.3 (t, 1 H),
8.1 (d, 1H). The spectrum can be found in figure in section . The
combination of doublet at 1.3 ppm integrating 12 and of a septet at 4.3
ppm with total integration of 2 indicates that the isolated product has two
isopropyl groups; the shift of the septet suggests that the C—H is bound
to a nitrogen atom. All the other signals feature an integration of 1, and
their shifts correspond with those of aromatic protons of a 2-substituted
pyridine.
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Figure 2.4: Lewis structure of 2-(diisopropyl)pyridine
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Figure 2.5: Two synthetic routes for 2,2,2-tris(pyridin-2-yl)acetic acid
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Interpretation of NMR data allows to assess that the isolated molecule
is 2-(diisopropylamino)pyridine (figure : instead of the desired re-
action between ethyl 2-pyridylacetate and 2-fluoropyridine, an aromatic
nucleophilic substitution occurred on the 2-fluoropyridine, yielding the 2-
(diisopropylamino)pyridine. It could be speculated that ethyl 2-pyridylacetate
and 2-pyridylacetic acid are not easily deprotonated on the C,, and are
thus not suitable for a coupling reaction with 2-fluoropyridine.

Literature studies on enantioselective direct alkylation of arylacetic acids
with chiral lithium amides suggest that the low reactivity of 2-pyridylacetic
acid compared to 3-pyridylacetic acid may be due to the presence of an
enamide resonance structure of the deprotonated substrate, which hinders
the normal reactivity as enediolate |68|. This is a direct consequence of the
2-substitution on the pyridyl ring (figure . This effect should be seen
also on any ester of 2-pyridylacetic acid as well. Overall, even if different
deprotonating agent ratios and more reactive coupling partners (such as
alkyl iodides) are used, it does not seem possible to efficiently synthesise the
2,2,2-tris(2-pyridyl)acetic acid in high yield through the proposed pathways.

It was thus clear that a change in the ligand studied was required.
The next sections will focus on another class of promising ligands, able to
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Figure 2.6: Resonance structures of hypothetical reaction intermediate of « de-
protonated 2-pyridylacetate

exert a strong ligand field on metal complexes and to provide octahedral
coordination geometries, as well as good 7t acidity: N-heterocyclic carbene
(NHC) ligands.
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Chapter 3

Fe-carbene complex

3.1 Materials and methods

Single crystal data have been collected on a Gemini R Ultra diffractome-
ter equipped with a nitrogen Oxford Diffraction CryojetHT device (Agi-
lent Technologies UK Ltd. , Oxford, U.K.) using graphite-monochromatic
Mo(Ke) radiation (A=0.71073 A) with the w-scan method. CrysAlisPro
software (CrysAlis PRO 1.171.38.46 (Rigaku OD, 2015) has been used for
retrieving cell parameters, for performing data reduction and for absorption
correction (with multi-scan technique). All structures were solved by direct
methods using ShelXS-14 [69] and refined with full-matrix least-squares
on F? using the SHELXL-14 [70] in Olex? program |71]. All non-hydrogen
atoms have been anisotropically refined. Hydrogen atoms have been calcu-
lated and riding on the corresponding atom.

FT-Raman spectra were acquired with a Bruker Vertex 70 spectrometer,
equipped with the RAMII accessory, by exciting with a 1064 nm laser, with
a resolution of 4 cm™! and 300 scans. Attenuated Total Reflectance (ATR)
spectra were recorded in the 4000-370 cm ™! range using a Bruker Vertex
70 spectrophotometer, equipped with a Harrick MVP2 ATR cell and DTGS
detectors with KBr beamsplitters. The adopted resolution was equal to 4
em ™!, the number of scan per sample was 36.

Calculations have been performed both with Gaussian 16 [65] for DFT
and TD-DFT modelling, with GFN2-xTB |72, [73| for semi-empirical mod-
elling of the ground state, and with the sSTDA procedure for semi-empirical
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modelling of excited states [74]. DFT and TD-DFT calculations have been
performed with B3LYP functional [66] and 6-311+G(d,p) basis set, and
with TPSSh functional [75]. Crystal structures solved from SC-XRD were
used as input structures for the calculations; geometry optimization minima
were assessed by checking that all vibrational frequencies for the optimised
geometries were positive.

UV-Vis measurements in liquid phase were performed on a Cary 5000
spectrometer; diffuse reflectance (DR) UV-Vis-NIR solid state measure-
ments were performed on a Cary 5000 spectrometer equipped with a
reflectance sphere. Steady-state emission spectra were recorded with a
Fluoromax-P-spectrometer from HORIBA Jobin Yvon IBH by using fluo-
rescence acquisition mode.

1-methylimidazole 99% (CAS: 616 — 47 — 7) and 2,6-dibromopyridyl-4-
carboxylic acid 98% (CAS: 2016 — 99 — 1) were bought from Fluorochem;
potassium hexafluorophosphate 98% (CAS: 17084 —13—38), FeCl, anhydrous
99.5% (CAS: 7758 — 94 — 3) and anhydrous DMF (CAS: 68 — 12 — 2) were
bought from Alfa Aesar; potassium tert-butoxide > 98% (CAS: 865 —47—4)
and nitric acid > 65% (CAS: 7697 — 37 —2) were bought from Merck; diethyl
ether (CAS: 60 — 29 — 7) was bought from VWR.

3.2 Synthesis and characterisation

2,6-bis(3-methylimidazolium-1-yl)pyridine-4-carboxylic acid bis-hexa-
fluorophosphate (2) and the Fe'' bis-chelated complex (3) (figure [3.1)) were
synthesized according to the literature procedure described by Duchanois
et al. [36]

3.2.1 Synthesis of ligand 2

2,6-dibromopyridyl-4-carboxylic acid (0.35 mg, 1.24 mmol) was dis-
solved and refluxed in 1 mL of 1-methylimidazole, the latter acting both as
reagent and solvent. The reaction mixture was left to reflux overnight, then
cooled down to room temperature. The solid product was then directly
washed three times with 5 mL Et,O, and sonicated to ensure a thorough
washing of the product; the yellowish solution was discarded, while the
remaining brown paste is dissolved in the minimum amount of water. A
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3.2 Synthesis and characterisation
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Figure 3.1: Structure of ligand 2 (left) and complex 3 (right)

saturated aqueous solution of KPFg (around 10 mL) was added, and the
solution was acidified to pH 2 with HNO3 1 M: a light brown product
started to form and precipitate. It was then collected by filtration, washed
with water, Et,O and then left to dry (Ci4H;5N504P5F 5, yield: 83%). The

synthesis was successfully scaled up to 1 g of reagent.

3.2.2 Synthesis of complex 3

The synthesis is carried out with standard Schlenck techniques, under
N, atmosphere, with flame-dried glassware. In a 25 mL round bottom flask,
anhydrous FeCl, (22 mg, 0.175 mmol) and ligand 2 (200 mg, 0.35 mmol)
were dissolved in 3 mL of anhydrous DMF. Under continuous stirring,
KOtBu (200 mg, 1.78 mmol) was added, and the resulting dark brown
suspension stirred at room temperature for 10 min. Then, the flask was
transferred in an ice bath and the reaction mixture was acidified to pH 2
with HNO3 1 M: the solution turned wine-red. After the addition of 10
mL KPFg saturated aqueous solution, a deep purple precipitate started to
form over several minutes. The product was filtered, washed with ice cold
water and with Et,0, and left to dry (FeCygHogN;oO4PoF 9, vield: 46%).
The synthesis was successfully scaled up to 100 mg of FeCl, reagent.
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3.2.3 Crystal structures

The cationic part of ligand 2 will be referred as [HsL|*", so that ligand
2 can be referred as [H3L|[PFglo; it is soluble in organic solvent such
as dimethylformamide and acetonitrile, slightly soluble in water and in
hot ethanol. Small needle shaped crystals could be obtained from hot
ethanol by slow cooling of the solution, and from acetonitrile by slow
evaporation. Interestingly, the two sets of crystals yielded two different
structures. The crystal structure obtained from hot ethanol belongs to P 1
space group and it features an asymmetric unit with one water molecule,
1.5 hexafluorophosphate ions and 0.5 hydrogen atoms on the carboxylic
group. These partial occupations within the unit are in agreement with
the charge balance of the ligand: the two imidazole rings on the molecule
yield a charge of +2, which is balanced by —0.5 of the carboxylic group
(having only half a hydrogen) and by —1.5 of the hexafluorophosphate
ions. By expanding the asymmetric unit, an adduct between two ligand
molecules can be observed (figure a and b): the two molecules share an
hydrogen atom on the carboxylic groups, taking a head-head arrangement.
As expected, the experimental C=0 distance (1.21 A) is shorter than
the C—0O (1.28 A), while the distance between two oxygen atoms sharing
the hydrogen is 2.40 A. We can thus give this compound 4 the formula
[HsL][HoL](HyO)o[PF¢l5. Crystals obtained from acetonitrile solutions have
a different structure: it belongs to the P 1 space group and the asymmetric
unit contains two ligand molecules, both protonated on the carboxylic
group, two hexafluorophosphate ions and two nitrate ions (figure c).
This compound 5 has the formula [HsL|[NO3][PFg|. The presence of nitrates
is clearly a consequence of the workup used for the precipitation of the
ligand, since diluted HNO3 was used to ensure protonation of the carboxylic
group; the nitrates are arranged on the same plane drawn by the ligand
molecules, and they interact with the latter by hydrogen bonding.

Complex 3 is highly soluble in water, acetone, methanol, acetonitrile
and DMF; we can attribute to that compound the formula [Fe(HL),][PFg],.
While single crystals of complex 3 could not be obtained, crystals of the
deprotonated complex were accidentally obtained while testing the stability
of the complex in solvothermal conditions, from DMF solutions in autoclave
at 120°C. The crystal structure belongs to the C2/m space group; the
asymmetric unit contains one single molecule of Fe'-carbene complex,
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(a) Asymmetric unit

(c) Adducts between ligand molecules and
nitrates

Figure 3.2: Crystal structures of ligand 2 obtained from ethanol (a,b) and ace-
tonitrile (c); hexafluorophosphate ions are omitted

43



3.2 Synthesis and characterisation Chapter 3. Fe-carbene complex

N2

Figure 3.3: Octahedral environment around Fe' in complex 6; C1, N1 and C2
belong to one ligand, while C3, N2 and C4 to the other one. The
ligands bind the complex in mer mode.

formed by two organic ligands binding the Fe" on the nitrogen of the
pyridyl group and on two carbene moieties of the imidazole rings, which
have been formed through deprotonation of the C—H by KOtBu. In the
crystal structure, the protons on both carboxylic groups are absent, and
the formula can be written as Fel, (compound 6): this could be the result
of the deprotonation of the dimethylamine formed as degradation product
of DMF in solvothermal conditions. Being deprotonated both on the two
C (carbene) and O (carboxylic) atoms, each ligand has locally a —1 charge,
which nullifies the +2 charge of the Fe'': thus, the complex crystallised in
this form is neutral. The structure has been reported in figure The
local geometry around Fe" is a slightly distorted octahedron: given the
structure of the ligand, the only possible isomer is mer, since all the three
binding sites of the ligand lay on the same plane (figure . As a result,
the shape of the complex resembles a cardan joint, the ligand planes being
perpendicular to each other. A few selected bond distances and angles
describing the octahedral geometry around the metal centre are collected
in table 3.1

The distances between the metal centre and the binding atoms are
nearly the same, except one Fe—N distance which is shorter than the others.
As far as angles are concerned, the N—Fe—N bond angle is nearly close to
the ideal 180° angle of the octahedral geometry, while bond angles between
N—Fe—C of the same ligand have values shorter than the ideal 90°. This is
a result of the small bite angle of the organic ligand; on the other hand,
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Figure 3.4: Structure of complex 6; view along axis a

Table 3.1: Experimental (for compound 6) and calculated (for compound 3)
distances and angles

Distance Experimental GFN2-xTB B3LYP

(A) (A) (A)
Fe-N1 1.936(9) 2.64 1.95
Fe-N2 1.888(8) 2.64 1.95
Fe-C1 1.940(9) 2.61 2.01
Fe-C2 1.940(9) 2.61 2.01
Fe-C3 1.937(11) 2.61 2.01
Fe-C4 1.933(12) 2.60 2.01
Angle Experimental GFN2-xTB B3LYP
N1-Fe-N2 179.2(4)° 178.18° 179.00°
N1-Fe-C1 79.5(3)° 63.52° 78.96°
N1-Fe-C2 79.5(3)° 63.84° 78.99°
C2-Fe-C4 92.5(2)° 101.39° 92.06°
Cl-Fe-C3  91.4(2)° 101.70°  92.18°
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Table 3.2: Lowest energy transition maximum of ligand 2 in different solvents

Solvent Amaz (M)
H,0 201
CH3CN 299
HClI1 M 299

NaOH 1 M 331

C—Fe—C bond angle values for C atoms on different ligands are around
90°.

Geometry optimisation with B3LYP functional was carried out on the
protonated complex 3, [Fe(HL),|*" yielded both bond distances and angles
very similar to the experimental ones, as can be seen in table[3.1] On the
other hand, semi-empirical GFN2-xTB method predicted bond distance
values longer than the experimental ones, smaller bite angles for the ligand
and broader C—Fe—C angles within the octahedral coordination geometry.

3.2.4 Electronic characterisation

UV-Vis electronic solution spectra of compound 2 have been recorded
in water, acetonitrile, HCl 1 M and NaOH 1 M. Molar concentration of
the ligand was 2.0 - 1075 M; spectra are reported in figure . Depending
on the solvent used, the lowest energy absorption bands of the ligand shift
slightly; the maxima of the lowest energy transition are reported in table
In acetonitrile, the compound absorbs UV light up to 260 nm: the
broad absorption features two shoulders at 212 and 244 nm. The lowest
absorption band is well resolved and weaker compared to the other ones,
and it is centred at 300 nm. The spectrum recorded in water yields the
same absorption profile in the UV range, but the lowest energy band is
slightly blueshifted, showing its maximum at 291 nm. On the other hand,
the same band is unaltered in the spectrum recorded in HC1 1 M, which is
superimposable to the one in acetonitrile. This suggests that the lowest
energy band is sensitive to solvent, but also to the degree of deprotonation
of the carboxylic group of the ligand. In fact, the spectrum recorded in
NaOH shows a significant redshift of that band, which is centred at 331
nm.
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Figure 3.5: UV-Vis absorption spectra of ligand 2
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Figure 3.6: Molecular orbitals of ligand 2 involved in the lowest energy electronic
transition

Electronic spectra have been calculated as well with TD-DFT on a
previously optimised geometry, using the BSLYP functional and simulating
the solvent with the PCM (polarised continuum model). A total of 12
excited states have been calculated, 6 singlets and 6 triplets. As can be seen
in figure [3.5] calculated spectra in water matches with the experimental
one, the lowest energy transition being calculated with high accuracy. To
gain further insights on the orbitals involved in this transition, a Natural
Transition Orbital (NTO) analysis of the ligand orbitals was performed.
The orbitals involved in the transition are the HOMO and LUMO of the
ligand, as can be seen in figure [3.6] The contribution of the carboxylic
group orbitals to the NTO is smaller for the HOMO and higher for the
LUMO. Furthermore, the HOMO-LUMO transition involves a significant
rearrangement of electron density on the ligands: the contribution of the
orbitals on the imidazole rings in the HOMO is higher than in the LUMO,
while the opposite is true for the carboxylic group. Thus, during the
transition the electron density is rearranged from the imidazole rings to
the central pyridyl ring and the carboxylic group.

The deprotonated ligand has been modelled at the same level of theory
in water, so that comparison with the experimental spectrum of the ligand
in NaOH 1 M could be made. The HOMO-LUMO transition is calculated
at 272 nm (figure , and it is blueshifted compared to the experimental
one recorded in alkaline environment reported in table [3.2] while the UV
transition is calculated with high accuracy at 241 nm. Since the spectrum
recorded in HC1 1 M should correspond to the organic ligand protonated
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Figure 3.7: Experimental and calculated spectra of deprotonated and protonated
ligand in water

on the nitrogen atom of the pyridyl group, the pyridynium ion of ligand 2
has been modelled as well. The calculated spectrum in water features the
band at 299 nm, which is found in the experimental spectrum in HC1 1 M
as well. On the other hand, the computation predicts a low energy band at
357 nm, which is absent in the experimental spectrum.

Electronic spectra of complex 3 have been measured at low concentration
(2.0 - 1075 M) in water, methanol, acetonitrile, HC1 1 M and NaOH 1 M
(figure . Taking the spectrum in acetonitrile as reference, three main
absorption bands can be observed, whose maxima can be found at 302,
397 and 521 nm. The lowest energy band can be described as a MLCT
transition, from the Fe" tg, to the empty ligand orbitals: thus, it is a
transition that involves a huge rearrangement of valence electrons in the
complex. Moreover, this band is quite sensitive to solvent and pH, as
summarised in table 3.3} in methanol it lowers at 507 nm, while in water
at 496 nm. In NaOH 1 M the maximum can be found at 497 nm, while
in HC1 1 M at 524 nm. These behaviours suggest that the rearrangement
of electron density during the transition involves molecular orbital of the
ligand with a significant contribution from the carboxylic group, since
deprotonation of the latter involves a blueshift of the band. It could be
also argued that the orientation of solvent molecules around the carboxylic
group (for example, through hydrogen bonding) could also be responsible
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Figure 3.8: UV-Vis absorption spectra of complex 3 in water (black), acetonitrile
(green), methanol (purple) HC1 1 M (red) and NaOH 1 M (orange)

for a shift of that transition. However, only the lowest energy transition
is affected by solvent and pH, the other absorption bands being mostly
unaffected by the different experimental conditions explored.
Fluorescence measurements have been carried out on Fe' complex
solutions in acetonitrile and HC1 1 M, by exciting the samples at 302, 397
and 521 nm (524 for HCI 1 M); no emission was detected from the samples.
Electronic spectra of the complex have been calculated as well, simulat-
ing the solvent with PCM model for TD-DFT calculations and with ALPB
(analytical linearized Poisson-Boltzmann) model for the semi-empirical
STDA method. The latter models with high accuracy the high energy
transitions, while fails to reproduce the low energy bands of the complex,
as can be seen in table it also underestimates the absorption coefficient
of the transition at 400 nm and it predicts a low energy band which is
totally absent in the experimental spectrum. These results could be a
consequence of the low accuracy of geometry optimization through the
semi-empirical method, which results in a poor accuracy on the calculated
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Table 3.3: Lowest energy transition maximum of complex 3 in different solvents

Solvent Amaz (nmM)
H,0 496
CH,CN 521
CH;OH 507
HCl1M 524

NaOH 1 M 497

Table 3.4: Experimental and calculated absorption maxima for complex 3 in

acetonitrile
Experimental STDA B3LYP
(nm) (nm) (nm)
302 298 269
397 400 (very weak) 354
521 487 443

electronic transitions. On the other hand, TD-DFT calculations with
B3LYP functional well reproduces the absorbance pattern, but fails to
calculate accurate energies for these transitions, which are all shifted to
higher energies compared to experimental ones. While this functional well
predicts both geometry and vibrations of the complex, it could be argued
that it does not efficiently model the electronic structure of the complex,
since a systematic shift in the absorbance transition has been observed.
A better modelling of complex 3 was achieved with the meta-GGA
density functional TPSSh [75]. The best concordance between observed
and calculated transitions have been found when comparing the spectra
recorded in water and calculated in water using PCM method (figure :
the experimental transitions at 296 and 394 nm have been reproduced with
outstanding accuracy, while the lowest energy transition was calculated at
467 nm, around 20 nm below the experimental one (table [3.5). Calculation
output highlights that the transitions centred at 299 and 385 nm are linked
to two distinct states, state number 5 and 7 respectively, while transition
at 299 nm is composed by three transitions close in energy, corresponding
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Figure 3.9: Experimental (black) and TPSSh calculated (red) spectrum of com-
pound 3 in water

to states 31, 32 and 33, very close in energy one to another. NTO analysis
for state 5 revealed the contribution of two occupied and two unoccupied
(virtual) orbitals to the transition; the two occupied orbitals have strong
contributions of atomic orbitals of the metal, while the two virtual ones
feature major contributions from the pyridyl and —COOH group of the
ligand, confirming that this transition is a metal-to-ligand. Similarly,
contributions to the occupied and virtual natural transition orbital for
state 7 are from the metal and the ligand respectively, suggesting that even
this transition is a MLCT; on the other hand, the occupied NTO has a
small ligand character, since electron density can be found mostly on the
imidazole ring. It is interesting to note that this transition does not involve
rearrangement of electron density on the —COOH groups of the ligand,
opposed to the previous case. States 31, 32 and 33 feature different orbitals
involved in their respective transitions: in these cases, there is no marked
metal or ligand centred character for these orbitals, the total contributions
being equally spread on the metal and on the ligands for both occupied
and virtual NTOs.

Given the strong colour of the compound, a high dilution in BaSO, was
necessary to record solid state diffuse reflectance spectra: 5 mg of compound
were diluted in 100 mg of BaSO, (dilution factor 1 : 20). The complex
starts absorbing light at around 900 nm, and the reflectance decreases
significantly below 800 nm (figure . A reflectance minimum is observed
at 522 nm, with two shoulders at 660 and 564 nm. Two more minima can
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Table 3.5: Experimental and TPSSh calculated transition for complex 3 in water

Experimental TPSSh

nm nm
296 299
394 385
496 467

Table 3.6: Electronic transitions of complex 3 in acetonitrile and in solid state
(diluted in BaSOy,)

CH3CN  Solid state

(nm) (nm)
302 260
397 410
521 522

be found at 410 and 260 nm. Table compares electronic transitions in
solid state and in acetonitrile.

Solid state fluorescence spectra of compound 3 excited at 260, 410 and
522 nm did not reveal any emission from the sample.

3.2.5 Vibrational characterisation

Both semi-empirical and DFT calculated IR spectra of ligand 2 are
slightly shifted compared to the experimental one, and lack the wide and
strong hexafluorophosphate band at 826 cm™!, since the organic molecule
has been modelled without the counterion. Table collects a selection of
vibrational transitions: DFT calculated vibrational spectrum matches well
the multiplicity of the most intense bands, but significantly overestimates
the C=0 stretching. The two bands at 1625 and 1585 cm™! have been
calculated at 1649 and 1620 cm ™', and are assigned respectively to C—C
aromatic symmetric stretching on the pyridyl ring and to a composite of
C—C and C—N asymmetric stretching on the imidazole ring and C—C and
C—N asymmetric stretching on the pyridyl ring. The band at 1546 cm™!
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Figure 3.10: Solid state electronic spectra of diluted complex 3
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is assigned to C—N symmetric stretching on the imidazole rings, with only
small contribution from the pyridyl ring, while the band at 1446 cm ™! is a
sum of C—H bending of methyl groups with stretching of C—C and rocking
of C—H on the pyridyl ring. The two bands at 1389 and 1370 cm ™! are
assigned to O—H bending, coupled with aromatic ring deformation, while
the band at 1212 cm™! is assigned to C—O stretching coupled with O—H
bending and C—H aromatic scissoring.

Even if ligand 2 shows fluorescence at the infrared exciting wavelength
of Raman (1064 cm™!), a few vibrational transitions could be observed in
the 2000 — 100 cm ™! range. By comparing the experimental spectrum to
the computed Raman activities, the weak band at 1728 cm ™! is assigned to
C=0 stretching; other Raman modes share the same frequencies of the IR
modes discussed previously, as can be seen in table and some modes
are more active in Raman spectroscopy, such as C=N in plane bending of
imidazole rings, which can be found at 1316 cm™!.

IR spectrum of complex 3 shows C=0 stretching band at 1694 cm™!.
The C=C stretching lies at 1575 ecm™!, while C==C and C=N combined
stretching on the pyridyl ring can be found at 1545 cm™!: compared to the
values of the free ligand, these bands lie at lower frequencies (figure [3.12)).
The strong band at 1482 cm™! is assigned to the Cpy ™ Nim + Cpy=Cpy
asymmetric stretching. O—H bending can be found at 1345 cm™!; bands
at 1263 and 1234 cm~! are assigned to O—H and C—H aromatic bending.

As far as Raman bands are concerned, the calculation yields a theoretical
band at 1814 cm ™!, but it appears that the C=0 stretching is not active.
While the free ligand shows the band of both IR and Raman modes nearly
in the same position, in the Fe" complex the IR spectrum has a band
ascribed to that mode, but Raman spectrum does not show any presence of
it in that spectral range. The band in the Raman spectrum whose frequency
is closer to the calculated one for the carbonyl group is found at 1624 cm™!:
this band is assigned to a combined C=C stretching on the pyridyl ring
and a C—H scissoring on the same ring. The group of transitions found
between 1500 and 1400 cm ™! is assigned to vibrations involving both CHy
bending and pyridyl ring expansion, while the vibrations associated to
Cimn— Ny stretching coupled with C—H rocking and with C—H scissoring
on pyridyl ring are found at 1280 and 1260 cm ™! respectively. Finally, the
three signals in the 980 — 1033 cm™! range correspond to deformation of
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Chapter 3. Fe-carbene complex

Table 3.7: A selection of experimental and calculated IR (top) and Raman (bot-

tom) transitions for ligand 2. st = stretching, b = bending, r =

rocking
IR mode Experimental B3LYP
(em™1) (em™1)
C=0 st. 1736 1824
C=C st. 1625 1649
C=C + C=N st. 1585 1620
C=N st. 1546 1570, 1559
C—Hb. +C=Cst. + C—Hr. 1446 1458, 1452
O—H b. 1389, 1370 1387, 1370
C—0 st. 1212 1183
Raman mode Experimental B3LYP
(em™1) (em™1)
C=0 st. 1728 1824
C=C st. 1629 1649
C=C + C=N st. 1585 1612
C=N st. 1547 1570, 1559
C—Hb. + C=Cst. + C—Hr. 1446 1458, 1452
O—H b. 1373, 1362 1387, 1370
C=N imidazole b. 1316 1328
Imidazole rings deformation 1020 1030
Pyridyl ring deformation 999 1012
Aromatic rings deformation 986 998

56



Chapter 3. Fe-carbene complex 3.2 Synthesis and characterisation

0,8

0,6

0,4

Normalized intensity

0,2

0,0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(a) FT-IR-ATR

0,8

0,6

04

Normalized intensity

0,2

A

0,0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(b) Raman

Figure 3.11: Vibrational spectra of ligand 2
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Table 3.8: A selection of experimental and calculated IR (top) and Raman (bot-
tom) transitions for complex 3. st = stretching, b = bending, r =

rocking, sc = scissoring

IR mode Experimental B3LYP
(em™1) (em™1)
C=0s 1694 1814
Cimn: C st. 1575 1623
C== prlm + Cpy=Npy 1545 1590
Cpy™Nim + Cpy=Cpy 1482 1498
O H b. 1345 1355
O—Hb. + C—H 1263, 1234 1187, 1154
Raman mode Experimental B3LYP
(em™1) (em~1)
Cpy=Cpy st. + C—H sc. 1624 1649
C—H b. + py ring expansion 1490, 1445 1462, 1427
Cim=Njy, st. + C—H r. 1280 1283, 1279
Cipn =Ny st. + C—H sc. 1260 1252, 1249
Pyridyl ring deformation 1033 1041
Imidazole rings deformation 1006 1014
Aromatic rings deformation 982 987

imidazole and pyridyl rings; compared to the free ligand, the three signal
pattern is preserved, but shifted to higher wavenumbers as a result of the
coordination to Fe'. However, the relative order in energy is inverted:
while in the free ligand the modes are assigned as simultaneous vibration
of the three rings (lower), of the pyridyl (middle) and imidazole (higher)
rings, in complex 3 the highest energy vibration is assigned to pyridyl
ring deformation, and the middle peak corresponds to imidazole rings
deformation. Selected values of IR and Raman modes are reported in table

3.8
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Figure 3.12: Vibrational spectra of complex 3
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Chapter 4

Synthesis of metal-organic
frameworks with Fe'' carbene
complex

4.1 Zn-MOFs

Zn-MOFs based on carboxylate ligands are well known and studied in
literature; their synthesis is easy and straightforward, seldom requiring an
optimisation of the M:L ratios and solvent mixtures. Common solvothermal
conditions are perfect for achieving crystalline materials in high yield, but
sometimes even low temperature syntheses (e.g. 80°C) yield crystalline
products in high quantity. Moreover, Zn-MOFs tend to give nice single
crystals, allowing for good SC-XRD measurements. According to Pearson’s
classification of hard/soft acid and bases [76], Zn" is considered a soft metal
and carboxylate ligands hard bases, and thus the ligand in Zn"-carboxylate
MOFs is not as strong as, for example, in Zn"-imidazolate MOFs, where
the soft-soft interaction yields more stable materials. However, the hard-
soft interaction in Zn'-carboxylate MOFs often entails a flexibility in the
framework, which could be a very interesting property for these materials:
flexible frameworks can expand as a consequence of an increase of partial
pressure of gases, thus enhancing gas storage capacity.

Zn"-carboxylate MOFs can feature different secondary building units,
and different connectivities. MOF-2 is built on dinuclear Zinc paddle wheel
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clusters, [Zny(—COO)4(H50),): this unit is formed by two Zn" ions bridged
by four carboxylates |77]. Each Zn" ion has a square pyramydal coordi-
nation, the basis being four oxygen atoms of four different carboxylates,
while the axial ligand is a water molecule (for MOF-2). The resulting
building unit leads to the formation of 2D layers; it is also possible to
connect these layers and generate pillared structures, if the axial ligand
of the paddle wheel is a monodentate ditopic linker such as an aromatic
diamine [78|. Conversely, MOF-5 is built on octahedral Zn,O(—COO)g
secondary building units; the basic zinc acetate SBU consists of four Zn"
tetrahedra sharing a vertex (the oxygen atom), bridged by carboxylate
moieties of 4,4’-biphenyldicarboxylic acid. All these secondary building
units grant both structural and mechanical stability, since they are formed
by groups with highly directional chemical bonds [79].

There are no precise synthetic techniques leading to the preferential
formation of the different Zn" SBUs in metal-organic frameworks, since
many factors occur in determining the SBU and the structure of a MOF,
from synthetic conditions to the choice of solvents and the nature of the
chosen ligands. Moreover, the same reagents could yield different products:
especially for Zn'" based MOFs, products with slightly different structures
could have similar formation energies. This usually results in mixtures
of more than one phase in the reaction products. The optimisation of
the synthetic parameters such as M:L ratio, solvents, reaction times and
temperature is thus a crucial step to push the synthesis towards the desired
product, or at least to a pure phase. While most parameters need to be
optimised in a trial and error fashion, some general considerations for a good
synthetic starting point could be made. First, adapting the synthesis from
existing recipes is a good choice, especially if the literature procedure proves
the purity of the sample through p-XRD diffraction. Second, among the
different synthetic methods, solvothermal syntheses give the highest yields,
and could help to favour the formation of the thermodynamic product over
the kinetic one [80]. Furthermore, using DMF (or DEF) as solvent (or
co-solvent) allows for good solubilisation of the starting materials: while
most nitrates are soluble in substituted formamides, some carboxylate
ligands are insoluble even in these solvents. However, when DMF (and,
to a fewer extent, DEF) is heated, it slowly starts degrading to formic
acid and dimethylamine (diethylamine for DEF): the presence of a weak
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base is enough to deprotonate small potions of the ligand and to form the
corresponding anion, which is more soluble.

A multi-metal Zn" based MOF was recently reported by Luo et al.
[55]: the structure is built on 2D layers formed by [Zny(—CO,),| paddle
wheel unit with 2,6-naphtalenedicarboxylate (ndc), the axial positions
being occupied by two pendent pyridyl groups of a [Ru(pytpy)s]* ™ complex
(pytpy=4’-(pyridin-4-y1)2,2":6’,2"-terpyridine). The metallo-ligand acts as
a pillar, connecting two [Zny(ndc),| layers; the spacing between layers is
enough to allow for an interpenetration of the material, resulting in a 2-fold
primitive cubic (pcu) topology.

The authors reported a Brunauer-Emmett-Teller (BET) and Langmuir
area of 340.3 and 457.3 m2g~! respectively, which proved to be higher than
those of previously reported MOFs with Ru" complexes, usually spanning
from 20 to 50 m2g~!. Overall, the synthesis of the MOF is straightforward:
0.04 mmol of Zn(NO3)4-6 HyO, 0.02 mmol of Ru'" complex and 0.04 mmol
of Hondc were dissolved in 4 mL of DMF/EtOH 2 : 1 v/v mixture, and
placed in a 10 ml Pyrex glass vial. The reaction was heated at 120 °C for
72 h, then cooled to room temperature at a rate of 5 °C-h™!.

The authors report a remarkable increase in fluorescence intensity and
in the excited state lifetime of the Ru" complex incorporated within the
MOF compared to the free one: the values obtained are 22.09 ns for the
Ru"-MOF and 0.39 ns for the free complex. On the other hand, the
absorption band around 500 nm is weaker in the Ru”-MOF than in the
Ru" complex; the latter observation was not commented by the authors,
but it appears to be unrelated to the photoluminescence properties.

Since this strategy proved to be successful in enhancing excited state
lifetimes of a metal complex, it has been applied with the previously
synthesised Fe''-carbene complex. However, while the complex used by Luo
et al. [55] could coordinate only through two nitrogen atoms of a pyridyl ring
in a monodentate fashion, compound 3 can bind metal ions only through
carboxylate groups. As a consequence, in this case the structure built
on [Zny(ndc),| layers connected by metal complexes can not be obtained,
since the axial positions on the paddle wheel of Zn" can only be capped by
monodentate linkers. On the other hand, since the coordination chemistry
of Zn" is very versatile, different coordination environments around the
metal centre could be expected, such as Zn,O(—COO)g, where carboxylate
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moieties belong to both (ndczf) and complex 3.

Another ligand employed for mixed MOF synthesis was 4,4’-stilbene-
dicarboxylic acid (Hasdc): since its length (12.25 A) is comparable to the
one of the Fe'' complex (12.41 A), it could be speculated that the formation
of a mixed ligand metal-organic framework would be easier, leading to
structures either with a regular repetition in space of the ligands or with a
less defined arrangement in space.

4.1.1 Materials and methods

The syntheses were carried out either in Pyrex 30 mL vials (maximum
available volume for solvothermal reactions 10 ml) or in stainless steel teflon
lined Paar autoclaves (total volume 45 mL, maximum available volume for
solvothermal reactions 15 mL). The general synthetic procedure adopted
for the syntheses described in the next sections is straightforward: all the
reagents are placed inside the reaction vial (or in the teflon vessel of the
autoclave), followed by the addition of solvent and sonication for 5 minutes
at room temperature. Reactions were heated at 80 °C in a laboratory oven
for 72 h, unless otherwise noted, with cooling ramps of 5 °C-h™!. All
products have been filtered and washed three times with fresh DMF, then
left to dry in air flux.

Thermogravimetric analyses (TGA) were carried out on a AutoTGA
2950HR V5.4A instrument, heating samples at 10 °C - min~! from 30 to
800 °C in air.

SC-XRD measurements, FT-Raman and ATR spectra, DR-UV-Vis-NIR
and steady-state emission spectra were recorded with the same instrumen-
tation of section B.1}

X-ray powder diffraction patterns (p-XRD) were collected by a Philips
X’pert PRO automatic diffractometer operating at 40 kV and 40 mA, in
theta-theta configuration, secondary monochromator with Cu Ko radiation
(A = 1.5418 A) and a Pixel solid-state detector (active length in 26 —3.347°).
Data were collected from 5 to 75° 260 with a step size of 0.026° and a time
per step of 700 s at RT (total time 2 h). 1° fixed soller and divergence slits
giving a constant volume of sample illumination were used.

Images of products were acquired with Leica MZ16 stereomicroscope
(Leica Microsystems, Wetzlar, Germany), in reflected light mode, with D65
illumination and fiber optics placed on both sides of the samples at 45°.
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Table 4.1: List of Zn—ndc—Fe MOF syntheses. Entries with * are carried out in

autoclave.

Name Solvent Amount of product retrieved (mg)
S56  DMF/EtOH 9:1 9.5
S57  DMF/EtOH 2:1 12.1
S59*  DMF/EtOH 9:1 19.5

S062* DMF/EtOH 9:1 20.9
S65  DMF/EtOH 9:1 6.7
S66  DMF/EtOH 9:1 13.2
S67*  DMF/EtOH 9:1 29.2
S70*  DMF/EtOH 9:1 21.1
LA87 DMF/EtOH 9:1 21.16

The morphology of sample S81 was assessed through a scanning electron
microscope operating with a field emission source (model: TESCAN S9000G;
source: Schottky type FEG; resolution: 0.7 nm) at 15 keV (in In-Beam SE
mode), fitted with an EDS detector (Oxford EDS Ultim Max operating
with Aztec software). Before the investigations, the sample was coated
with Cr in order to enhance the conductivity.

Compound 3 was synthesised as described in paragraph page [41]
N,N-dimethylformamide (DMF) 99% (CAS: 68-12-2) was bought from Alfa
Aesar; EtOH 96% v/v (CAS: 64-17-5) and MeOH (CAS: 47-56-1) were
bought from VWR chemicals; 2,6-naphtalenedicarboxylic acid (Hondc) 99%
(CAS: 1141-38-4) was bought from Sigma Aldrich, 4,4’-stilbendicarboxylic
acid (Hgsdc) 96% (CAS: 100-31-2) from Alfa Aesar.

4.1.2 Zn—ndc—Fe MOF

Syntheses were carried out with 4.5 - 1072 mmol of Zn(NOj),-6 Hy0,
4.5 -1072 mmol of Hondc, and 2.25 - 1072 mmol of Fe' carbene complex.
The overall Zn:ndc:Fe ratio is 2 : 2 : 1, the same one used by Luo et al. [55];
synthesis S57 was carried out only with 4 mL of solvent, using the same
concentrations in the aforementioned work, while for the other syntheses
10 mL of solvent were used. The list of the syntheses can be found in table

41
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Figure 4.1: Images of S56 acquired with stereomicroscope

Synthesis S56 yielded nice and big red crystals on the vial walls, while
S57 yielded only a red powder. After filtration, product S56 was observed
at the stereomicroscope (figure [4.1)): small red cubic shaped crystals could
be found, along with red powder. However, the crystals faded very quickly
outside the solvent, transitioning from bright to opaque, then cracking and
eventually pulverizing. The flat faces of the aggregates in figure [4.1] were
those on which the crystals started to grow on the pyrex vial walls; a few
aggregates with a more cubic shape could still be observed, but they soon
cracked and pulverized.

Vibrational FT-IR-ATR spectra of S56 and S57 are superimposable,
meaning that the two products are identical; the coordination of the carboxy-
late to the Zn" is responsible for the enhancement intensity of the bands in
the 1540 — 1610 cm ™! range, where asymmetric COO™ stretching bands mix

66



Chapter 4. MOFs with Fe' carbene complex 4.1 Zn-MOFs

with C=C stretching of the complex, and in the 1330 — 1400 cm ™! range,
where the symmetric COO™ stretching lies [81]. The presence of the Fe"
complex is confirmed by the bands around 1480 cm ™!, which are not found
in the 2,6-naphtalenedicarboxylate; conversely, the presence of the latter is
suggested by the bands around 925 cm™!. The shoulder around 1567 cm ™!
belongs most likely to DMF, which can still be present in the final product.
Raman spectra of both S56 and S57 are superimposable as well, and many
bands can unambiguously be attributed to 2,6-naphatalenedicarboxylate,
such as 1127, 1033 and 982 cm™'. Vibrational spectra are reported in

figure [4.2]

The S56 synthesis has been replicated three times, always in vial,
with the same reaction conditions: all the obtained products showed the
same spectroscopic behaviour. The same synthesis in autoclave with the
respective replica gave constantly the same product as well. During these
various trials, several single crystals suitable for SC-XRD measurements
could be isolated; by keeping them in the mother solution, transferring
them on a capillary tube or covering them with a drop of oil as soon
as possible, the crystals did not fade. It was thus possible to carry out
SC-XRD measurements at 200 K; unfortunately, every crystal analysed
did not yield diffraction with sufficient intensity to collect significant data.
p-XRD measurements carried out on replica LA84 evidence a low signal
to noise ratio (figure ; even if a few peaks can be found in the 8 — 12°
range, the diffractogram confirms the low crystallinity of the sample after
solvent loss.

TGA analysis on S66 (figure reveals a weight loss up to 80 °C,
which is water loss, and another one above 110 °C, ascribed to DMF
loss. The material is quite stable up to 320 °C, then a huge weight loss is
observed until 600 °C; heating in air stream above this temperature does
not result in further weight loss, meaning that all the organic matter has
been oxidised to CO,, leaving only metal oxides, whose total percentage is
around 20% of the analysed sample amount.

Unfortunately, surface area measurements could not provide useful data,
since every attempt yielded values comparable to measurement errors; the
cause is most likely the very modest sample quantities employed for the
measurements. Up to now, it was not possible to upscale the synthesis and
to provide meaningful surface area data.
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Figure 4.2: Normalized vibrational spectra of Zr—Fe—ndc syntheses
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Figure 4.4: TGA of S66
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Table 4.2: List of Zn—sdc—Fe MOF syntheses. All syntheses were carried out in
30 mL Pyrex glass vials.

Name Solvent Amount of product retrieved (mg)
S79 DMF 23.9
S80  DMF/EtOH 2:1 51.6
S81  DMF/MeOH 9:1 31.7

LA70 DMF/MeOH 9:1 17.52

4.1.3 Zn—-sdc—Fe MOF

Syntheses were carried out with 4.5 - 1072 mmol of Zn(NOj),-6 HyO,
4.5 - 1072 mmol of Hysdc, and 2.25 - 1072 mmol of Fe" carbene complex.
The overall Zn:sdc:Fe ratio is 2 : 2 : 1, the same one used for Zn—ndc—Fe
syntheses in the previous section. All the different trials were carried out
with 10 mL of solvent, either with pure DMF, or with a DMF/EtOH 9 : 1
or DMF/MeOH 9 : 1 mixture (table [4.2)).

All the syntheses reported in table [4.2] yielded red crystals: DMF/EtOH
and DMF /MeOH provided bigger crystals and orange solutions, while S79
had a more red solution. Generally, these syntheses gave a greater amount
of product compared to the Zn—ndc—Fe ones, starting with the same moles
of reagent. While it’s true that Hysdc is heavier than Hyndc, this is not the
main cause of the difference in the amounts of products; the increased yields
for 4,4’-stilbenedicarboxylate products could be the consequence of their
easier formation compared to the 2,6-naphtalenedicarboxylate product,
possibly because the similarity in length between the Fe' complex and
4,4’-stilbenedicarboxylic acid favours the formation of a mixed ligand MOF.
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