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Abstract

The program of my PhD studies has beendealing with the investigation of the research outcomes
that may result from the use of luminescent Iridium(lll) cyclometalated complexes in the field of
polymer science. In particular, my research activity has beenfocused on exploring two main
applicative contexts, i.e Ir(lll) compl exes for preparing polymerand in combination with polymerdn
the first part, a new set of luminescent Ir(lll) complexes was exploited as photocatalysts for light -
assistedatom transfer radical polymerization ( ATRP) of methyl methacrylate (MMA ). The rational
decoration of both cyclometalated and ancillary ligand s with sp 3 hybridized nitrogen substituents
together with the use of specific counterions, imparted suitable photophysical and redox
properties for an efficient photocatalyzed process. The second section of the project has been
focused on the employment of Ir(lll) t etrazole complexes as phophorescent dyes in polymeric
materials. Colourless luminescent solar concentrators (LSCs were prepared blending two Ir(lll)
cyclometalateswith different acrylate polymers . Their performances were investigated, leading to
promising outcomes comparable, or superior, to those obtained from colourless LSCs based on
organic fluorophores. As a complementary approach, Ir(lll) complexes were covalently linked to
polymers in the side chain, to obtain a new class of meallopolymers. To this extent, a bifunctional
tetrazolate molecule (Li), equipped with a coordination site and a polymerizable unit, was
designed and prepared. The photophysical proper ties of the resultant luminescent polymeric films
were discussed In the end, an additional project invol ving both poly mers and metal compounds
was carried out during my experience as a visiting PhD student at the Faculty of Mathematics and
Natural Sciences, Humboldt ¢ University of Berlin, under the supervision of Professor Hans
Bdrner (Organic Synthesis of Functional Systems group). Polystyrene (PS and polyethylene glycol
(PEG) -based ion-exchange resins were functionalized with specific peptides through a ligation
pathway , for the selective chelation of Copper(ll) in aqueous solutions. The coordinating capability
of the materials towards Cu?* ions was tested by ICP-MS analysis. The resins resulting from a
strategic modification w ith ion-selective peptides, may be exploited in the preparation of water -

processing devices.
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Commonly used abbrevia tions and symb ols
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Atom transfer radical pol ymerization
| Obipyridine
7,8-benzoquinoline
Acetonitrile
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Controlled radical po lymerization
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F-ppy 2-(2,4-difluorophenyl)pyridine

Hex Hexane

HM A Hexyl methacrylate

HOMO Highest occupied molecular orbital

IC Internal conversion

IL Intra-ligand

ILCT Intra-ligand charge transfer

ISC Intersystem crossing

J Coupling constant (NMR)

Kisc Intersystem crossing rate constant

Knr Non -radiative decay rate constant

Kr Radiative decay rate constant

LC Ligand-centred

LEEC Light -emitting electrochemical cell

LLCT Ligand-to-ligand charge transfer

LSC Luminescent solar concentrator

LUMO Lowest unoccupied molecular orbital

Lt 2-(2-(tert-butyl) -2H-tetrazol-5-yl) -5-(4-vinylphenyl)pyridine
MC Metal-centred

MeOH Methanol

MIC Minimum inhibiting concentration

MLCT Metal-to-ligand charge transfer

MMA Methyl methacrylate

MMLCT Metal-metal-to-ligand charge transfer

NMP Nitroxide mediated polymerization (Chapter 3)
NMP N-Methyl -2-pyrrolidone (Chapter 7)

NMR Nuclear magnetic resonance

npy 2-(naphthalen-2-yl)pyridine

ODsoo Optical density of a sample measured at a wavelength of 600 nm

OLED Organic light -emitting device



OMe-ppy 2-(4-methoxyphenyl)pyridine

OTf Trifluoromethanesulfonate

Oxyma Ethyl cyano(hydroxyimino)acetate

PBzMA Poly(benzyl methacrylate)

PC Photocatalyst

PCHMA poly (cyclohexyl methacrylate)

PDI Polydispersity index

PEG Polyethylene glycol

PHMA Poly(hexyl methacrylate)

PMMA Poly(methyl methacrylate)

ppy 2-phenylp yridine

PS Polystyrene
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uv Ultraviolet

Vis Visible
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Chapter 1

Photo physics of metal complexes

1.1 Introduction

At the beginnin g of last century, the work of Giacomo Ciamician ! pointed out the importance of
photochemistry, and paved the way to investigations on photochemical and photophysical
behaviour of organometallic compounds. Since then, the extensive work carried out by several
research groups on the luminescent properties of these materials, have led to their increasing
application in numerous scientific fields, as optoelectronics, photocatalysis, and life science. For
understanding the photochemical and p hotophysical properties of organometallic compounds,

information on their electronic structure, energy level diagrams, andseledion rules are ill ustrated.
1.2 Fundamental concepts

31 1 wUIhtx@dumhescencer refers to the emisson of light from electronicall y excited states to
the ground state of a molecule, occurring after the absorption of a photon. The possible radiative
and nonradiative processesthat can take place after a molecule has been photoexcited are

described by the simplified Jablonski diagram, reported in Figure 1.1

- VR
S, 11
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)
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3 K Knr
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Fluorescence Phosphorescence

Figure 1.1 A simplified form of Jablonski diagram.

When a molecule absorbs light with an appropriate wavelength , an electron is promoted from the
ground state (S) to electronically excited states (S, S0 wn; in principle, only transitions between

states having the samespin multiplicity are allowed , but the presenceof a heavy atom (asa metal



centre) favouring strong spin -orbit coupling relaxes the spin-conservation rule.23 The excited
states are unstable species thatan dissipate energy by intramolecular r adiative and nonradia tive

processes

Spin allowed nonradiative transition s from a singlet excited to a singlet ground state (rate
constant knr), or between vibrational levels of the same excited state, named vibrational
relaxation (VR), in the order of 104to 10! seconds

- Spin allowed nonradiative internal conversion (IC), consisting in decays between different
electronic levels with the same spin multiplicity (e.g., &Y i), described by a rate constant
kic. IC is afast nonradiative processwith a time scale from 10%4to 10 seconds it generally
occurs immediately after absorption and ends prior to light emission.

- Spin forbidden nonradiative transitions between excited states of different multiplicity
(from singlet state S to a more stable triplet state Ti), named intersystem crossing (ISC Kisc).
ISC are slow processesn the order of 108-103 seconds

- Spin forbidden nonradiative transition s between the triplet and the ground state
(intersystem crossing, kzr).

- Spin allowed emission of a photon from a singlet excited to a singlet ground state
(&Y S +hv), called fluorescence characterized by a rate constantk:. Fluorescence occurs
within a timeframe of 10 - to 107 seconds

- Spin forbidden emission of a photon from a triplet excited to a singlet ground state
(T:Y S +hv), i.e, phosphorescence(kz). Phosphorescence is a slowransition in the order of
104-10" seconds; its elongated time is a consequence of the spin multiplicity change that
takes place in the decay from T: to S.

The key parameters employed to estimate the competition between nonradiative and radiative
processesare the excited state lifetime (3) and the luminescence quantum yield (. ). Lifetime 3 w
representsthe average amount of time a molecule remains in the excited state after excitation and
before returning to the ground state (eq. 1.1), while quantum yield , i8 defined by the ratio of
emitted photons to absorbed photons (eq. 21).2 The following equations used to describe g and |

take into consideration the contribution of all possible deactivation pathways:

1 Kr

— (eq. 1.2) &= — (eq.2.2)
Kr+Knr+Kic+Kisc Kr+Knr+Kic+Kisc




1.2.1 Selection rules

Selection rules specify which transition s between quantum states can occur due to absorption or
emission of an electromagnetic radiation, by classifying the processes as allowed or agdorbidden .
In electronic transitions, selection rules regard the spin multiplicity of states (S) and the parity of

energy levels, and are:

9 Spin conservation rule
Electronic transition soccurring ET1 UPT | OwWUUEUTI UwbkpDUT wUOT T war&addwed x B O w
whereas betweenUUE Ul UwOi wEDIi 11 Ul OUwUxDOwOU O U EHoweeE En8 a wp, 2
presence of a heavy elementmay lead to a relaxation of the spin selection rule, due to a strong

spin-orbit coupling which causes interstates mixing, thus making transitions P B U1 w pagisiBy

possible.
1 Laporte selection rule

For high symmetric systems with a centre of symmetry or inversion , transitions between energy
levels are allowed when a change of parity takes place (e.g., uY g or gVY u; g, geradeand u,
ungeradg whereas transitions between levels with the same parity are forbidden (e.g.,uY u or
gY g). Moreover, allowed transitions are always accompanied by a change of 1 in the orbital
EOCOT UOEUWOOOT 60U Ow g U TaditiodsbénizeerUsamp parity levels (uY u or
gY g ) may occur due to a non-total symmetry of the molecule, or because of asymmetric
vibrations of the latter (vibronic coupling) that temporarily remove the centre of symmetry . Thus,
forbidden transitions may be observed, such asdY d transitions for octahedral (Oh) metal

complexes, but with a weak intensity.
1.3 Electronic structure of transition metal complexes

To discuss the photophysical and photochemical properties of coordination compounds
interacting with light, we need information on the ir electronic structure. Several theories can be
used to describe metal complexes, such as the crystal field theory (CFT)the ligand-field theory
(LFT), and the molecular orbital theory (MOT) , which is the most complete and more complex

approach.s



Crystal field theory (CFT)

According to the CFT, the ligands interacting with a metal centre are assuned as negative point
charges, which generate an electrostatic field. Transition metal ions present five d orbitals as outer
shell, whose energy may be affected by the negative charge of the ligands approaching the metal
centre. When afree transition metal ion is in the gas state the five d orbitals are degenerate, while
in presence of a set of ligands the repulsion between their electrostatic field wi th the metal electron

density may produce various effects, depending on the geometry of the formed complex

(Figure 2.2).
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Figure 2.1. Splitting of the five d orbitals in a central metal ion in a spherical, octahedral, and tetrahedral field .

In a complex where the ligand field is spherically symmetric, the five d orbitals would be higher in

energy than the free metal ion, but always degenerate. In a six-coordinated complex with
octahedral geometry, the ligands approach the metal centre along the x, y, ard z axes, caising a
splitting (crystal field splitting) of the five d orbitals in two sets : one including the two orbitals
located on the axis (d,: and dy2_,2), labelled as &, and one comprising the three orbitals between
the axis (dyy, dyz, dyz), Named tzg (Figure 2.1). Since g orbitals lay on the axis where the ligands are

located, they undergo a greater repulsion compared to the tzg set, thus becoming higher in energy.
4



.o or 10 Dq represents the amount of splitting between the ey and tzg orbitals, and its value
depends on the nature of the metal ion and the ligands involved. In a four-coordinated complex
with tetrahedral geometry, the ligands are located on the corners d a tetrahedron with the metal
ion in the centre, and interact more with the orbitals dyy, dy,, dy., located between the axes causing
another splitting of the five d orbitals in two sets: one named tz, including orbitals dyy, dy;, dy, that
in this case experience a greater repulsion and become higher in energy, and one withorbitals d-
and d,z_,z, labelled as e(Figure 2.1). The amount of splitting between the two sets of orbital s is
defined by . , which is smaller than _ - because the ligands are not completely directed to the axes
as in the octahedral field, thus resulting in a smaller repulsion. Moreover, the stabilization of

orbitals e is lower than for t2g because of a smallemumber of ligands involved.
Ligand-field th eory (LFT)

The ligand-field theory (LFT) evolved from the CFT, which considers only electrostatic
interactions, thus representing a rough approximation of the electronic structure of metal
complexes. LFT ascribesthe bonding between metal ions and ligands, and the consequent orbital
splitting, not only to electrostatic repulsions as CFT, but also to a certain degree of overlap
between the metal and ligand orbitals , and to the delocalization of the metal electrons. It preserves
the advantages of CFT and includes the effects of covalent bonding, resulting in a more realistic

theory and providing magnetic, optical, and chemical properties of transition metal complexes.
Molecular orbital theory (MOT)

According to the molecular orbital theory (MOT), when a coordination compound is formed , its

molecular orbitals (MOs) are generated from the linear combination of both metal and ligands

orbitals. Following this theory, MO diagrams of the molecules are built to represen t their electronic

structure. First, the ligand orbitals are combined into a group of composite ligand orbitals, labelled

as ligand group orbital (LGO) . Successively LGO is combined with metal orbitals of the same

symmetry to obtain a set of MOs, which ar e then filled with the electrons.

The MO diagram of a MLs octahedral complex, where M is a transition metal with a d¢
configuration and octahedral geometry, EOEw+ wDUWEwOPT EOEwxUI Ul OUPOT w

reported in Figure 3.1.
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Figure 3.1. MO diagram of a MLs octahedral complex, where the metal ion presents ads configuration , showing
EOUI wh boBdinhg interactions.
For a third -row transition metal ion , the metal orbitals involved in the combination with ligands

are 5d, 6p and 6s which form the outer coordination sphere. In the Oh symmetry point group,

metal orbitals may be classified as follows:
5d (d,z, dyz_y2)Y &
5d (dyy, dyz, dy) Y tog
6sY aug

6p (px, Py, pz) Y t1u

The & and ayg orbitals are uniquely involved in bw EOOE D O wsptH arbitdls=férd Bty Qy w
bonding, whereas tw orbitals are suitable for E O UT wh wE O E inteyacko@sOTh@®rxin scaffold

of the diagram is built considering first the interaction between ligands (LGO group) EOE wOl UEOuwt
orbitals, with the same symmetry properties (awg, €g, tiw); every ligand orbital overlaps with a

particular one of the metal, giving rise to a bonding and an antibonding symmetry MOs qob WwE QE wh d A
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Ligands possessingtig, t2g, tw and tau symmetry orbitals are EEx EEO1 wOi wi OUOEHT wwuwE
andtw ODPT EOEVUwWwWwWOUEDUEOUWx Ul Wy, @ dyPdnd pu pyEpdetalbebitals,] OUa w
respectively, however only s OUEDUEOUWEEQWEOOEDOI wbOUOWEOOEDOT wE
since tw. metal orbital have been previously DOY OO Y I E w ByOThdsaioie 0:0li§and orbitals

together with tig and tzu, which do not have appropriate symmetry to match with metal orbitals,

become nonbonding orbitals. Once the MOs are formed, and their relative energy order has been
established, the orbitals of lowest energy are filled with the valence electrons. In a low spin ds

transition metal complex all the bonding molecular orbitals (a 1g, &, ti, t2g) are filled, while the anti-

bonding orbitals (ais*, &*, tw*, t2g*) are empty. The tg and tzg* orbitals constitute the highest

occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO ), respectively.

The separation between these two orbitals is defined as the HOMO-LUMO gap, and strictly
El x1 OE U wéreptidd ot dongting ability of the ligands .©!

1.4 Electronic transitions of transition metal complexes

Exploiting MOs diagrams, it is possible to describe the electronic transitions of an octahedral
transition metal complex , in accordancewith the main character (of ligand or metal) of the orbitals

involved in the process as follows (Figure 4.1):

They take place between the tzg orbital and the anti -bonding eg* orbital, both located on the metallic
ion (d-d transitions). These processes are drmally Laporte forbidden, so they are generally

associated with small absorptivities.

processes occur between the orbitals of the ligands (from wto w9 which are not affected by the

coordination with the metal centre . LC transitions generally give intense UV bands.

NN o~ s s A NN o~ s

MOs with main metal character. Depending on the initial location of the excited electron, it is
possible to observethree types of transitions: 1) ligand to metal charge transfer (LMCT) transitions,
f UOOwWUT T www Ua U UI0@uwIT(ds) tbibitdioOtbel nie@IE 2) metal to ligand charge
transfer (MLCT) transitions, occurring between either tzg or eg* orbital of the metal and UT 1 w wd w

system of the ligands; 3) ligand to ligand charge transfer (LLCT) transitions, which take place



between inequivalent ligands. CT transitio ns are in agreement with all the selection rules, thus

giving rise to intense absorption bands.

A
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Figure 4.1 Electronic transitions in octahedral complex es.

1.5 Luminescent metal complexes with ds transition metal centres

Transition metal complexes display unique photophysical properties, arising from the contribution
of both ligands and metal centre that constitute their complicated structure. In particular, the
presence of heavymetal ions (especially from second and third transition series) induces spin-orbit
coupling, that allows spin -forbidden electronic transitions. For instance, scond and third row
transition metal complexes with low spin d s configuration, such as ruthenium(ll) and iridiu m(lll)
compounds, in the ground state present all paired electrons resulting in a singlet spin multiplicity ;
their high spin-orbit coupling allows efficient ISC from the lowest singlet (Su) to the lowest triplet
(T2) excited state, inducing an admixture be tween these states (MC, MLCT, LC), and eliminating
the spin-forbidden nature of the phosphorescent transition (TiY S +hv). A representation of the
possible electronic transitions occurring in octahedral ds complexes is reported in Figure 5.1
Thus, metal complexes can give bothfluorescence and phosphorescena, that can be promoted by
reduce nonradiative transitions , and to foster luminescent processes even at room temperature.
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Figure 5.1. Simplified Jablonski diagram for octahedral d s transition metal complexes showing radiative and

nonradiative processes (VR and LLCT transitions ar e not included for simplicity ).

1.5.1 Irid ium(lll) cyclometalated complexes

Since their discovery, iridium(lll) cyclometalates with general formula  [Ir(CAN)(LAL)] o
(C"N=cyclometalating ligand, L L= bidentate ligand) have been dominating the scenario of
lumin escent metal complexes due to their outstanding properties that make them suitable for
applications in a number of fields, from catalysis to optoelectronics .l These complexes are
generally characterized by intense phosphoresaent emissions; the lowest triplet excited state may
be described asan admixture of MLCT and LLCT, sincethe HOMO consists in a combination of Ir
E ww OU EmUidaaUy w O U E whdeEtielLU MO E O O x U B Wiotbital buagother ligand @
Ir(111) cyclometalated complexes display attractive properties, such asfine tuning of the emission
colour over the visible spectrum, and even extended to the near infra-red NIR region(®11, through
a rational ligand design, good photo- and thermal-stability , control of the luminescent excited
states nature, T BT T wxT OUxT OUI UEIT OE)), vard Uskg® Btok® shiftd’l FOE thesp,
impressive features they have been mainly applied as emitters in electroluminescent devices,
including organic light-emitting diodes (OLEDs)!2 and light-emitting electrochemical cells
(LEECs)*3; the possibility of luminescent transitions from a triplet state allows the harvesting of
both singlet and triplet excitons, reaching up to 100% internal efficiency41€.1 Moreover, Ir(lll)

compounds have been used in the field of life science as biological labelling agents'” and
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biosensorsitel, while they have been employed in the area of energy production for the
development of dye-sensitized solar cells (DSSCY¥ and as photosensitizers for light -driven
catalytic water reduction2, For the latter area of applications, the electrochemical properties of
Ir(Ill) cyclometalated complexes come into question; they can be efficiently modulated by
appropriate design of C*N and L~L ligands, allowin g these complexes to undergo reversible redox
reactions, both in the ground and excited state. The combination of such photophysical and
electrochemical properties makes Ir(lll) complexes great candidates as mediators in light-induced
and light-generating electron-transfer processes, where they act as light harvesters or
photocatalysts 2122

Taking advantage of the peculiar photophysical and electrochemical behaviour of Ir(lll)
cyclometalates, and using a strategic ligands design for finely tuning their luminescent and redox
properties, | focused my PhD studies on the synthesis of Ir(lll) complexes and their application in
the field of polymer science. Two different aspects have been explored:

- Ir(lll) species for the preparation of polymessnew class of Ir(lll) complexes, with general
formula [Ir(CAN)(N*N)][X] , was synthesized, fully characterized and used as
photocatalysts in the photoinduced atom transfer radical polymerization (ATRP) of methyl
methacrylate (MMA). All the complexes were capable of initiating the polymerization, and
the decoration of both cyclometalated and ancillary ligand s scaffold with sp3 hybrid ized
nitrogen substituents together with the use of specific counterions, imparted suitable
photophysical and redox properties for a more efficient photocatalyzed process Promising
outcomes were obtained, furthermore mechanistic studies were performed to confirm the
oxidative quenching pathway , that has beenhypothesized so far (Chapter 3).

- Ir(lll) species in combination with polymerdwo new Ir(lll) tetrazole complexes were
synthesized, fully characterized and tested as phosphors for colourless LSCs. Increasing
guantities (0.2¢ 1.8 wt %) of the Ir(lll) species were dispersed in different acrylate polymers,
giving visible transparent polymeric films which displayed excellent photostability and
bright yellow to orange phosphorescent emissions. The performances of the Ir(lll) -based
LSCswere investigated, providin g results comparable, or superior, to those obtained from
colourless LSC containing organic fluorophores (Chapter 5). Another path for combining
Ir(lll) complexes with polymeric matrices was followed in the synthesis of
metallopolymers. While Ir(lll) -based LSCs were prepared by physical blending,

metallopolymers displaying Ir(Ill) complexes in side chain, were obtained by
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copolymerizing MMA with a bifunctional molecule (L ), which was capable of both
coordinating cyclometalated Ir(lll) fragments and undergo ing radical polymerization
reactions. The photophysical properties of the obtained polymeric films were investigated,;
the films displayed blue to yellow emissions, depending on the relative concentration of
Ir(111) species and free ligand-monomer (L) units (Chapter 6).
In the end, a third application involving both polymers and metal compounds consisted in
modif ying polystyrene and polyethyl ene glycol -based ion-exchange resins with specific
peptides, for the selective chelation of copper ions (Cu#) in aqueous solutions. Exploiting
ligation processes five peptides were attached to six different resins, and their performance in
coordinating Cu 2* ions in aqueous solution was tested by ICP-MS analysis. Our preliminary
results showed that both the nature of the resins and the peptides sequencesaffected the

chelation efficiency of the materials towards Cu?+ions (Chapter 7).
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Chapter 2

Photocatalysis for controlled radical polymerization processes
2.1 Photoredox catalysis

Nature provides the most important example of visible-light driven processes with the natural
photosynthesis, where sunlight is converted into chemical energy. Inspired by this natural process,
Giacomo Ciamician in 1912 proposed the use of light for driving chemical reactions. M Since then,
several reactions exploiting environment -friendly visible light for prior inorganic and later organic
transformations have been developed. The first step of a light -driven system consists in the
harvesting of light by photosensitizers, or phot ocatalysts when used in catalytic applications.
These molecules are promoted to their excited states by absorption of light in the UV or visible
region, leading to new reactive species able to participate to energy transfer (EnT) and electron
transfer processes §ET).231 Generally, absorption of a mole of photons of UV light provides as 130
times greater energy as compared to ambient conditions, allowing the overcome of high energies
barriers for various reactions.l Photoinduced electron transfer processes (PET) are the most
common mechanisms of photocatalyzed reactions. After the transition of one electron from the
ground state to the excited state (PC"A PCr*), photocatalysts (PCs)can perform redox reactions via
two different pathways (Scheme 1.2). According to t he first pathway, consisting in a reductive
guenching cycle, the excited photocatalyst is reduced (PC™*A PC1) by an electron donating species
(D). Then, the reduced photocatalyst can be regenerated to its original oxidation state PC™1A PC")
by an electron withdrawing component (A), completing the catalytic cycle. The second pathway
involves the oxidative quenching of the excited photocatalyst (PC™A PC1) by an electron
withdrawing species (A). Then, the oxidized photocatalyst is reduced back to its original oxidation

state (PC™1A PC") by an electron donating component (D), closing the caalytic cy cle !

Cn*
D*
Reductive pC 1 Cn+1 Oxidative
A%\
A~

quenching quenching

Scheme 1.2. Electron-transfer pathways for photocatalysts.
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Several photosensitizers have been investigated, including organic dyes,© transition metal
complexes[? metal-organic frameworks (MOFs),Bl and inorganic semiconductor s among
others.Bl Pioneers such as Macmillan[!! Yoon,!*2 Stephenson|t3l and other researchers pavedthe
way to the use of transition metal complexes as photoredox catalysts for organic transformations.
Indeed, transition metal complexes comply with the requirements that must be followed for
obtaining efficient photocatalysts. For instance, it is fundam ental that a photocatalyst shows a
good absorption cross-section, possibly in a region where the other components of reaction
mixture do not absorb, in order to have a strong reactivity enhancement at the excited state.
Moreover, the generation of the reactive excited state must be with a high yield, which depends
both on the efficiency wit h which the excited state is formed upon photon absorption (intrinsic
quantum yield) and the absorption cross-section, EUw Ol EUUUl EwEawUl 1T wEOOxOUOD
and molar absorptivity. 14 Another criterion is that the lifetime of the excited states must be long
enough to participate to reactions, before relaxing back to the ground state. Furthermore, the
photophysical and electrochemical behaviours should be reversible, in order to maintain the
catalytic cycle. In the end, it should be possible to properly tune the excited stateproperties and
reactivity for the desired reactions by synthetically modifying the photocatalysts. 4 As a result of
these criteria, Ru(ll) and Ir(lll) polypyridyl complexes are the species most ubiquitous in
photocatalyzed processes (epecially PET), with strong absorption in the visible region, excited
state formation efficiency around 100%, long lifetimes up to us, and potent redox properties.
Through visible light absorption, a long-lived photoexcited state is formed through the prom otion
of one electron from a metal centered orbital (tzg) to a ligand-centered w* orbital (metal-to-ligand
charge transfer, MLCT). The excited electron from initial singlet state (*MLCTn) converts to the
lowest excited triplet state (3MLCT1) via an intern system crossing process Kisc).!s! Then, in the
presence of organic substrates, the excited photocatalyst is involved in a bmolecular electron
transfer event; otherwise, the photocatalyst relaxes to the ground state, through processes such as
phosphorescence kz) or internal conversion (kic) (Figure 1.2). In presence of an electron donor a
reductive quenching occurs, whereas quenching with an electron acceptor is considered as an
oxidative quenching. The resulting reduced, or oxidated, complexes at the ground state arestrong

redox species able to donate, or accept, an electron to reconstitute the initial complexts
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Figure 1.2. Jablonski diagram of transition metal photocatalysts under visible light irradiation.

2.1.1 Ruthenium(ll) complexes as photocatalysts

[Ru(bpy) 3]z (bpy = 2,2'bipyridine) can be considered the archetyml Ru(ll) photocatalyst and the
first example of transition metal complexes applied in photocatalytic processes (Figure 2.2). In
2008, Nicewicz and Macmillan reported the asymmetric alkylation of aldehydes photocatalyzed by
[Ru(bpy) s]Cl2, whereas Yoon group proposed the use of [Ru(bpy)s]? for visible light assisted [2+2]
enone cycloadditions.!'112] Stephenson and coworkers presented two protocols using [Ru(bpy)s]?*
under visible light irradiation , regarding the reductive dehalogenation of alkyl halides in presence
of an amine (2009,*3 and the radical cyclization of indoles and pyrroles as well as cascade radical
cyclization reactions (2010)1¢ Several other processes have been realized by using [Ru(bpyj?*
under visible light irradiati on, such as the reduction of electron-deficient olefins, the reductive
dehalogenation of various halogenated substrates, andthe halogenation of aliphatic alcohols.[.17.18]
Furthermore, new photocatalysts have been prepared through the modification of the bipyrid vyl
ligand of the model [Ru(bpy) 3]?*, including [Ru(bpm) 3]2* (bpm & w I-bipyrivhidine) and [Ru(bpz) 3]2*
PE x & widipyrazind) (Figure 2.2).19.20

Figure 2.2 Examples of Ru(ll) photocatalysts: a) [Ru(bpy)s]?*, b) [Ru(bpz)s]#, c) [Ru(bpm)s]2*.
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2.1.2 Iridium(lll) complexes as photocatalysts

The archetypal speciesof luminescent Ir(lll) complexes is structurally analogous to [Ru(bpy)s]#,
and is represented by the homoleptic tris-cyclometalated complex fac[Ir(ppy) s] (fac= facial, ppy =
2-phenyl pyridine) . Aside to its displaying typically intense and long -lived phosphorescence, this
complex is one of the strongest photoreductants commonly used in photoredox catalysis (Figure
3.2. In particular, it has been exploited in the reduction of halogenated substrates via
hydrodehalogenation, being itself capable of activating all of Ctl, CtBr, CtCl, and CtF bonds.[8!
For instance, in 2012 Stephenson and coworkers reported the reduction of unactivated aryl, alkyl
and alkenyl iodides, as well as intramolecular cyclizations, where the unactivated species could be
reduced by faclr(ppy) s.21 In the same year, MacMillan et al. reported an optimized protocol for
Ct' WwEUAOEUDOOwW Of upésiidd Gnl theuptedeéneeldf faair(Ppy) s under visible light
irradiation. 22 Starting from the archetypal fac[lr(ppy) s], an extensive library of Ir-based
photocatalysts has been developed by introducing electron -withdrawing (e.g., F, CFs) or electron-
donating groups (e.g. OCHs, CHs, t-Butyl) in the backbone of the 2phenylpyridine ligand, as well
as by preparing heteroleptic complexes with general formula [Ir(C*N) 2(L"L)%+.[t8 Most well -known
examples of heteroleptic structures are [Ir(ppy) 2(dtbbpy)] + (dtbbpy & w KdOt&ridbutyl-| G A
bipyridine) and  [Ir(dF (CFs)ppy)2(dtbbpy)]* (dF(CFR)ppy =  2-(2,4difluorophenyl) -5-
(trifluoromethyl)pyridine)  (Figure 3.2).
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Figure 3.2. Examples of Ir(lll) photocatalysts: a) faclr(ppy) s, b) [Ir(ppy) 2(dtbbpy)] *, [Ir(dF(CF3)ppy) 2(dtbbpy)] *.

For instance, Fensterbank et al. proposed the use of Ir(ppy}(dtbbpy)PFs as photoredox catalyst for
the reductive opening and subsequent CtC bond formation of a-ketoepoxides and a
ketoaziridines. 23 Furthermore, Stephenson reported the use of If[dF(CFs)(ppy) 2](dtbbpy)PF e in the
oxidative deprotection of para-methoxybenzyl (PMB) ethers, in conjunction with

bromotrichloromethane as oxidant. 24 They have also demonstrated that

Ir[(dF(CFs)ppy) 2(dtbbpy)]PFe allows to couple a wide variety of halogenated compounds to
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terminal and disubstituted olefins coupling, under mild conditions, and with elevated reaction
efficiency and atom economy. 23 Here reported are just few examples of Ir(lll) complexes, among
others which have been used as photocatalyds for organic transformations, including
dehalogenation reactions, cycloadditions, C-C bond cleavage, CQ reduction, as well as

photopolymerization processes.

2.1.3 Iridium(lll) complexes as photocatalysts for polymerization reactions

Nowadays, photopolymeriz ation processes are widespread in industrial sectas, including
information storage, 3D printing, radiation curing, microelectronics, medicine, and imaging
areas!?d After the rise of photoinduced organic reactions, photoredox catalysis has been extended
to polymeric materials field. Photopolymeriz ation reactions are induced by photoinitiators abl e to
generate active species (e.g., radicals, radical cations, catns, anions) under irradiation. 27 The
photoinitiator is consumed during light exposure and the active species initiate polymerization
processes via radical, cationic, or more rarely anionic mechanisms. The development of efficient
initiator systems allowed to regenerate the photoinitiator, with the advantage of using it as a
photocatalyst in low amounts or under low intensity lights. 28 Generally, three-component systems
are used, which encompass the photocatalyst (PC), an kctron/hydrogen donor (D), and an
electron accepbr A (classically, an iodonium salt) that regenerates the original PC and minimizes
the concurrent production of inefficient radicals. The most employed three -component systems for
photocatalyzed polymeriza tion reactions are: the PC/amine (AH)/alkyl halide system, which
follows a reductive mechanism; the PC/iodonium salt (Phal*)/silane (RsSiH) or N-vinyl carbazole
(NVK) system, that follows an oxidative pathway. 128 As for photoinduced organic reactions, Ir(lll)
coordination complexes have proved to be excellent candidates as photocatalysts for
polymerization processes. They can be employed in oxidative pathways when they are included in
a PC/Phl*/RsSiH system or, on the other side they can react through reductive mechanisms in a
PC/AH/alkyl halide system. 26 Together with Ru-based compounds, Ir(lll) complexes are
extremely active for processes such as the free radical polymerization (FRP) of agylates, the ring
opening polymerization (ROP) of epoxides, the free radical promoted cationic polymerization
(FRPCP) of Nwvinyl carbazole and epoxides, and recently have been used in controlled radical
polymerization (CRP). 281 They can be designed for meeting photocatalysts requirements, including

absorptions extended to visible light region, photosensitivity to UV, visible lights, green or red
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laser lines, and easy production of radical or ionic initiating speci es for polymerization reactions. [27]
In the past years, Lalevée and coworkers reported several Ir(lll) photocatalysts, which showed a
good activity towards the photoinduced FRP, ROP and CRP processes of epoxides,
(meth)acrylates, etc (Figure 4.2).2830 These complexes are part of a library tha can be further
extended, in order to develop efficient systems comprehensive of various monomers and

polymerization techniques.
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Figure 4.2. Examples of Ir(lll) photocatalysts for polymerization reactions, reported by Lale vée and coworkers.[29
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2.2 Free vs. living/controlled radical polymerizations

Free radical polymerization (FRP) has been widely used for the industrial production of polymeric
materials; about 50% of synthetic polymers are prepared by radical polymerization processes.?l
FRP success is attributed to the opportunity to work under several reaction conditions such as
bulk, organic solvents, aqueous media, emulsion, dispersion, and at different temperatures. With
respect to other chain polymerizations, it shows greater tolerance to reagents impurities and
monomer functionalities like acidic, hydroxyl and amino groups. B2 Therefore, it requires minimal
purification of monomers and solvents, and it can be applied to a large varie ty of monomers.
Moreover, it is relatively easy to introduce on an industrial plant, requiring lower costs compared
to other technologies. However, most often FRP does notlead to well -defined polymers because of
its poor control over polydispersity, molec ular weight, chain architectures and composition. This is
a consequence of unavoidable and irreversible radicalradical terminations typic al of FRP
mechanism B3 To overcome these issues, radical polymerization processeshave beenrenovated by
the introduction of controlled/living radical polymerization (CRP) techniques. Such new
approaches exploit equilibria between growing radicals and dormant species, reducing the
number of terminated chains and leading to a greater control on the reaction.4 These controlled
radical polymerizations proceed via a similar mechanism to FRP, which is based o four different
steps: initiation, propagation, termination, and transfer (Scheme 2.J. Initiation consists in the
generation of radicals (In? from nonradical species, followed by their reaction with the monomer
(M). The former step is the slowest and rate determining with rate constant values of k ¢ & WYY,
while the latter shows values of and ki > 10 MN s, Propagation is related to the radical addition of
the growing chain to the alkene, with rate constant values of k, g2 w3uM™N s\, Terminatio n occurs
by coupling (ki) or disproportionation (k w) between two growing chains, with rate constant values
Ol w O G=uMBus'tu Yransfer occurs when the radical site of a growing chain is transferred to
another molecule, that can be monomer, polymer, or some transfer agents (TAs). When reinitiation
(kera) is fast, transfer can affect the molecular weights but not the kinetics. On the other side, if

reinitiation is slow , inhibition can be observed.31
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Scheme 2.2 Radical polymerization mechanism.

For achieving living and controlled conditions, polymerizat ions should present minimal

termination and transfer reactions. While issues related to transfer processscan beminimize d by
appropriate conditions, termination is an unavoidable limitation of FRP. Bl In FRP, a propagating
UEEDEEOwWUI EEOUwWPDUT wOOOOOI Uwi YI VawehhwOUwi 60006PI Ew
the formation of a high M W polymer (degree O1 wx O00a Ol UPAEUDPOQwmp#/ Awaehyy"
terminated chains is >99.9% and the number of giowing chains is very small (i.e., <0.1%). On the

other side, in CRP the lifetime of a propagating radical is considerably extended by the
introduction of inactive periods between intermittent activity stages. For example, the growing

radical may undergo propagation for ~1000 periods of 4 ms and be deactivated and placed in a

dormant state for ~1000 periods of 4 min, alternately. In this way, active period remains
comparable to conventional radical polymerization, but the overall lifetime of propagating ra dicals

is extended to more than 1 h due to the participation of dormant species, thus enabling improved

control over the process. The proportion of terminated chains is decreased from >99.9% to <10%,

because of the large number of deactivated chaing3! Furthermore, with respect to FRP, CRP

generally presents fast initiation and simultaneous growth of all chains with retention of chain -end
functionalities, providing control over chain architecture. In addition to control improvement, CFR

techniques allow to prepare block copolymers, by reactivating the deactivated polymer chains in

further reactions.32 In principle, controlled/living polymerizations should generate polymers with

molecular weights given by the ratio between concentrations of consumed monomer and initiator,

with low polydispersity values in the range of 1 -1.5. In Figure 5.2, the typical behaviour of these

systems with the corresponding deviations are shown.
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Figure 5.2. Effect of slow initiation and chain breaking reactions on (a) polymerization rate and (b) molecular

weight.

In presence of awell -controlled system, the reaction should be first-order with respect to monomer
concentration, thus giving a linear kinetic plot (In([M] o/[M] vs. time). 331 Acceleration on such a plot
might indicate slow initiation, whereas decelemtion might indicate termination or deactivation of

the catalyst. Regarding molecular weight, linearity should be observed versus conversion (Figure
5.2). Higher molecular weights might indicate coupling or inefficient initiation. On the  contrary,

lower mo lecular weights might be in consequence of transfer events[3233l

2.2.1 Atom Transfer Radical Polymerization (ATRP)

( Ow UT 1T w uNNY z U@uand ESawai@ddea regerte® fihe first prom ising examples of
controlled/living radical polymerizations, paving the way to new processes like atom transfer
radical polymerization (ATRP) , nitrogen mediated polymeri zation (NMP), and degenerative
transfer (DT) for preparing several polymer architecture s. Among them, atom transfer radical
polymerization (ATRP) has raised great interest because of numerous advantages: all the required
reagents are commercially available; a wide range of monomers can be polymerized (styrene,
(meth)acrylates, (meth)acrylamides, acrylonitrile) ; catalytic amounts of transition metal complexes
are used a various conditions (temperature, solvent, reaction medium) can be used. The main
limitation of ATRP is related to the removal and recycling of the catalyst. ATRP relies on atom
transfer radical addition (ATRA) B8], a technique in which an atom transfer from an organic halid e
to a transition metal leads to formation of organic radicals. These radicals are then deactivated by
backtransfer of the atom from the transition metal to the organic radical species.3! In a typical

ATRP growing polymeric chains are mainly in a dormant state (P »-X), where X represents a halide.
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The capped chain is repetitively activated (ka) through a reversible redox process with a transition
metal catalyst in lower oxidation state (Mt "/L), enabling the formation of a propagating radical (P n-
X A P»?) and a higher oxidation state halide complex (Mt"/LA X-Mt™YL) (Scheme 3.2).22 The
active species (R®) propagates, and after the addition of some monomers can terminate by
coupling or disproportion (P n-Pm or Pn + Pm), or can be quickly deactivated to dormant chain (P«? A

Pn-X) by the reduction of the transition metal catalyst to its initial state (X -Mt™YL A Mt/L).

Ka
Po-X + ML .—— P, + Mt"*1/L

Ky .
@ |:’m-

Pn+m

Pn+Ppn

Scheme 3.2. ATRP mechanism.

In order to achieve good control on the reaction, the number of propagating radicals should be
low. This occurs when the equilibrium between active species and dormant species is shifted to the
latter form (k« >>> k). Moreover, the rate of activation/deactivation should be faster than
propagation rate. In this way, termination reactions are minimized, few monomers are added
during propagation phase, and polymer chains grow slowly and simultaneously, thus ensuring
low polydispersity values , and controlled molecular weight and architectures. With the aim to
accomplish this mechanism, ATRP catalyst generally consists in a transition metal complex capable
of increasing its oxidation number through the expan sion of its coordination sphere, a complexing
ligand (L), and a counterion (usually halide) which can bind covalently or ionically the metal
centre31 The first examples reported in 1995 were based @ RuCl:=(PPhs)s (PPhs =
triphenylphosphine) catalyst, activated by aluminium alkoxides and on CuX=bpy catalyst. 135:30]
Later, ATRP has been mediatedby variou s transition metals such as Ni, Fe, Pd, Rh, Re, Mo, Os, Co,
and Ti. However, Cu-based catalytic systens proved to be the most efficient for the polymerization
of a large range of monomers (e.g, styrene, methacrylates, acrylates, acrylonitrile) and for
copolymer ization.3” Besides the metalcentre, the ligands can affect the dynamic equilibrium of
active and dormant chains, and therefore the activity of the entire system as well. In Cu-based
systems, polydentate nitrogen-containing ligands are employed. B In addition to bipyridine ,
common ligands include pyridineimines, polydentate amines, imines, pyridines, and other
compounds (Figure 6.2). It was proved that the activity is affected by the introduction of the

linking unit be tween N atoms (C4 << C3 < C2) and by the coordination anglg3%49 Moreover, the
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activity depends on the topology (cyclic D linear < branched) and on the nature (aryl amine < aryl

imine < alkyl imine < alkyl amine D pyridine) of the ligands, and on steric effects around the metal

centre.
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Figure 6.2. ATRP equilibrium constants for nitrogen -containing ligands with EtBr iBu (ethyl 2-bromoisobutyrate)
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Another parameter affecting equilibrium constants of the system is the nature of the initiator.

Alkyl halides have been mostly used as ATRP initiators. In general, compounds presenting
halOT 1 OwE U O O U w E-Eathényl, BpliehyE vinl 2oucyano groups as well as compou nds with
a weak halogen-heteroatom bond (e.g. sulfonyl halides), are efficient initiators. Pseudohalides are
also good ATRP initiators. The activity is affected by the degree of initiator substitution (primary <

secondary < tertiary), the leaving atom or group (e.g. Cl < Br < I) and on the radical stabilizing

groups (-Ph D C(O)OR < allyl <-CN) (Figure 7.2).37:40]
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2.2.2 Photoinduced ATRP

Typically, CRPs arethermally initiated, thereby requiring high temperatures - in the range of 90°Cw
120°C- for an efficient decomposition of the initiators. #1 Therefore, as a large amount of energy is
consumed, these processeshecome expensive and not sustainable. Moreover, temperature can
promote side reactions, such as transesterification, elimination, and cross-linking, and it can affect
the final features of the polymers, like morphology. Another issue related to thermal activati on
regards the preparation of biolo gical functional polymers containing thermally sensitive species.
Furthermore, monomers with low ceiling temperatures cannot be polymerized at high
temperatures, otherwise depolymerization might occur, and possibly prevail over
polymerization. 421 Among several systems activated by different stimuli such as redox and enzyme
initiation, photoinduced atom transfer radical polymerization (phot 0-ATRP) has attracted great
interest in recent times. Indeed, visible light assisted initiation can be considered as a viable
alternative to thermal activation, ensuring room temperature processes with low activation
energies and reduced power consumption.*2 Despite all the advantages resulting from low
temperatures, light penetration re mains one of the major issues of plotoinitiated polymerizations,
impeding the large -scale application.*® As for other CRPs, in photoinduced ATRP photosensitive
compounds such as photoinitiators, photoredox catalysts or photosensitizers are employed to
convert the energy of incident light into chemical energy, generating r eactive radicals with high
electron-donating properties. These radicals are capable of regenerating a lower oxidation state
activator from a higher oxidation state deactivator. *4 Temporal control over the polymerization
processis easily achieved by turning on and off the light source , without negatively aff ecting the
MW and PDI .22 In Scheme 4.2 an example of the hypothesized mechanism of a photoinduced

ATRP is reported, where a brominated initiator and an Ir(lll) catalyst are used.

Ir(1ny* \

/

Pa-Br b !5 Ir(v)Br  Po R

§

Ir(111)

Scheme 4.2. Hypothesized mechanism of photoinduced ATRP using | r(lll) photocatalyst and bromide initiator.
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- The photoredox catalyst reaches its excited state (Ir(111)*) through light absorption.

- The excited catalyst reduces the dormant species (at the beginning the halide initiator I-Br,
and subsequently the polymeric chain Pn-Br), generating an active species (radical R% and getting
oxidized to Ir(IV)Br. At this point, the growing chain can pro pagate.

- The oxidized catalyst Ir(IV)Br deactivates back the growing chain to dormant phase (P »-Br),

by returning the halogen (Br) and getting reduced to Ir(lll) at its fundamental state.

Among various photo-ATRP processes Cu-based systems play an important role due to their
resemblance to classical Cumediated ATRP reactions.*4 In 2000, he first example of ATRP
affected by light was reported by Guan and Smart in the polymerization of MMA , using CuCl/2,2'-
bipyridine as catalyst in presence of2,2-dichloroacetophenone as initiator, under visible light
irradiation .43 Alternatively, other transition metals were proposed as photoredox catalysts for
ATRP processes A successful example is the Ir-mediated photo-ATRP proposed by Fors and
Hawker in 201218 They employed faclr(ppy) = as catalyst andi U1 abfdmophenylacetate (EBPA)
as initiator, under a 50 W fluorescent lamp, achieving a well-controlled system with living

character.
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Chapter 3

Designing lonic Ir(lll) cyclometalated complexes as photocatalysts for

light -assisted ATRP

Ir(l1l) catalysts

HMA + PMMA-Br

(Macroinitiator)

‘@‘ Ir(lll) cat.
' P,-Br (@) Ir(IV)Br Pn R~ Sl

1) A B,C=H

2) A=CHs, B, D=H, C = OCH
07 oMe®” “OHex : 3

3)A=H,B,D=H,C=OCH,
poly(MMA)-b-(HMA) 4)A=CF3,B,C,D=H

5) A, B, C=H, D=N(CH,),

3.1 Abstract

A set of cationic Ir(lll) cyclometalated complexes with general formula [Ir(C*N)(N~*N )][X], was
designed and prepared to be exploited as photocatalysts for light assisted ATRP of MMA. To this
purpose, the design strategy of the ionic complexes involved both the use of the bromide counter
anion and the decoration of the bipyridine -based andllary lig and with various electron
withdrawing or electr on donor substituents. Following an extensive screening in which the
various complexes were compared to the model neutral complex fac[lr(ppy) 3|, the ion pairs named

as[10]Br and [11]Br exhibited th e best peformances for the light assisted polymerization of MMA.
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3.2 Introduction

In the Y Y,ibneers such as Macmillan/t Yoon and Stephensori® paved the way to a new kind of
reactivity, exploiting light as activator for organic transformations. It was observed how some
catalysts could reach an excited state (*) by light absorption, in which their redox reactivity was
enhanced if compared to ground state. Due to this ability, the so-called photoredox catalysts at
their excited state are able to promote certain processes, thaotherwise would be unfeasible.™
Among various organic transformations, photoredox catalysis has been exploited in
polymerization processes, such as free radical, catonic and controlled polymerizations. In this
regard, controlled radical polymerization techniques (CRPs) have aroused interest as good
pathways for the synthesis of precise polymeric architectures, with controlled Mw and narrow
polydispersity index (PDI). Main photoactivated CRPs such as ATRP (atom transfer radical
polymerization), RAFT (reversible addition -fragmentation chain transfer) and NMP (nitroxide
mediated polymerization) have been mediated by copper -based photocatalysts. These examples
are gradually becoming standard photochemical approaches for the light-driven obtainment of
defined macromolecular structures. ¥ Besides Cu(l), other transition metals like Fe(ll), Ru(ll), Au(l)
and Ir(lll) have been tested as photocatalysts in ATRP reactions!®” Focusing on the use of Ir(lll), in
2012 Hawkers et al. developed a robust photo-ATRP protocol by using fac[lr(ppy) 3] as
photocatalyst.8® From a mechanistic point of view, it has been hypothesized that after light
absorption, fac[lr(ppy) 3] may be involved in an oxidative quenching cycle. First, fac[lr(ppy) 3 is
excited to the highly reducing species fac[lr(ppy) s]*, which is supposed to undergo a
photoinduced electron -transfer to a radical initiator . After that, the radical initiator in presenceof a
monomer starts the polymerization . Once the oxidized form of the catalyst Ir(I V) is generated, the
catalytic cycle is then completed through a halogen back transfer directed from Ir(IV) to the
propagating radicals, therefore restoring both fac[lr(ppy) 3] in its initial oxidation state as well as
the dormant species. In this way, temporal and structural control over the growing polymeric
chains is ensured. Accepted this oxidative route, we can assume that high triplet excited states €T)
and low ground state oxidation potentials (E ox, V) are critical features which make this homole ptic
Ir(111) complex such an efficient photocatalyst. 1% However, it is known that quite severeconditions
such as high temperature and presare are required for the synthesis of tris-cyclometalated Ir(lll)
complexes like fac[Ir(ppy) s].k%#13 On the other hand, heteroleptic Ir(lll) complexes have been
proposed as cheaper and easier to be prepared alternatives to their tris-cyclometalated

analogues* Moreover, the introduction of an ancillary ligand (N”N) offers the opportunity to
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fully tune both em ission colour and redox properties and consequently to properly tailor the
catalysts features for the reaction needs. This has been successfully accomplished in Laledezs
works, where series of anionic and cationic heteroleptic Ir(lll) catalysts have been prepared
through a methodical tuning of both absorption and redox properties , and used in photo-indu ced
FRPs and ROPs processe$*” In the context of light-assisted controlled/living radical
polymerizations , we have decided to design, synthesize and fully characterize a new class of
cationic heteroleptic Ir(lll) complexes with general formula [Ir(C*N) 2(N”~N) ]J[Br], and to test them
as photocatalysts in the photo-ATRP of MMA. Both cyclometalated ligands (C”N) and the
ancillary one (N~N) were modified by the intro duction of different functional groups ( Figure 1.3),
taking inspiration from the rational ligand des ign strategy adopted by Matyjaszewski and co-
workers throughout the entire Cu -based ATRP developmentl819 Specifically, (C~N) ligands were
decorated with both electron -withdrawing (EW) and electron -donating (ED) groups, including -
CFs, -OCHs, -CHs and -N(CH 3)2, taking into consideration the different effects that they exert on
the photophysical and redox behaviour of the catalyst. Regarding ancillary ligands (N~N), bpy -
EOUI wopl Ol ZWEDxAaUPEDOI AwbEUwI MM&)sor twh pyirobdiheé (u-pyD O wED O
groups to achieve advantageous electronic effects, following the recently proposed work about
[Cul(TPMA NMe2)Br], the most active copper ATRP catalyst reported so farl?9 In the end, transient
spectroscopy measurements were carried out in the same experimental conditions used for the
photopolymerizations, aiming to elucidate and confirm the catalytic mec hanism involved in a

typical photo -ATRP reaction and to identify the reaction intermediates of the oxidative cycle.

Cyclometalating (C*N) Ancillary (N*N)
(HsC)N

X X AN X AN = N(CHg), 7 NQ

N N N N N | |

= = N A
CHs

N| \ N| \

=
T Q

OCH;s OCHg
EDG PRy EWG bpy-(NMe,), bpy-(pyr),

Figure 1.3. (C*N) and (N”~N) ligands used in this work.
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3.3 Result and Discussions

3.3.1 Synthesis of Ir (lll) ¢ atalysts

The new family of cationic Ir(lll) complexes was obtained starting from the preparation of both
ancillary (N*N) and cyclometalated (C”N) ligands. With respect to (N*N), the | Ol z WEDPx aUDE
scaffold was decorated E Uw U1 1 w K w E O With Mzdimstitylargirs &(DIKidt)uor N-pyrrolidyl
(-pyr) groups by following a slightly modified procedure reported by Wenger and coworkers. 24
The cyclometalated (C*N) ligands were prepared according to standard Suzuki-Miyaura protocol
involving the C -C coupling reaction between the appropriate phenyl boronic acids and
bromopyridines. 22 Once the ligands had been synthesized, the desired [Ir(C*N)-%-Cl]2 dimers[23
were prepared and then treated with a slight molar excess ofthe N”N ligands under mild
conditions (DCM/MeOH 3:1, 298 K) in order to obtain the targeted cationic Ir(lll) complexes
(Scheme 1.3). Anion metathesis, followed by a simple column-chromatography work -up gave
pure samples of Ir(lll) catalysts. All the synthesized ligands and complexes were fully
characterized by tH/3C NMR and ESI-MS, which showed the products characteristic peaks

confirming the predicted molecular structures.

1) CH,Cl,/CH40H 3:1
r.t., 8h
N

[Ir(CAN),CI], +
2) anion metathesis

D

——  =bpy-(NMey),

------ = bpy-(pyr)

A, B, C =H, (CAN) = ppy

A=CHs, B, D =H, C = OCH, (C*N) = 2Me-40Me ppy
A=H, B, D =H, C = OCHj, (CAN) = 40Me-ppy
A=CF,, B, C, D = H, (C*N) = 3CF; ppy

A, B, C=H, D = N(CHg),, (C*N) = (ppy-NMe,),

Scheme 1.3. Synthetic pathway used for the preparation of Ir(lll) catalysts.
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3.3.2 X-Ray Crystallography

Beside the spectroscopic taracterizations, single crystals of two complexes [Ir(ppy) 2(bpy-
(NMe 2)2)][BF4]-solv (1[BF4]-solv) and [Ir(2Me-40Me-ppy) 2(bpy-(NMe2)2)][PFe]- CH2Cl:
(2[PF]-CH2Cl2) were analyzed by X-Ray diffraction (Figures 2.3 and 3.3). Various examples of
[Ir(C~N) 2(N~N) ]+ complexes (C"N = ppy and substituted ppy; N*N = bpy and substituted bpy)
have been structurally characterized and reported in literature. 2426 Among them, to the best of our
knowledge, [Ir( 3CHO-ppy) 2(bpy-(NMe2)2)]+ is the only compound of this type containing the bpy -
(NMe2):2 ligand, 27 while [Ir(2Me -40Me-ppy) 2(acac)] is the only complex containing the 2Me-
40Me-ppy ligand. [28

The bonding parameters of (1[BF4]-sdv) and (2[PFs]-CH2Cl2) are comparable to those reported for
this type of complexes. Thus, the Ir(1)}-N(1) [2.127(4) and 2.138(4) A for 1 and(2[PFs]-CH:Cl2),
respectively] and Ir(1)-N(2) [2.128(4) and 2.137(3) A] distances are sensibly longer than Ir(EN(3)
[2.043(4) and 2.037(4) A] and Ir()-N(4) [2.030(4) and 2.034(4) A], due to the trans effect of the
metalated C-atoms. Indeed, complexes1[BFj] and 2[PFs] display a distorted octahedral geometry,
with the metalated carbons in relative cis position and tr ans to the N-atoms of the bpy-(NMe 2):
ligand. As found in related complexes, the bite angle of the metalated phenyl-pyridine [79.33(16)-
80.6(2) °] is larger than that of the bipyridine ligands [75.58(13)-76.02(17) °J28!

Figure 2.3. Molecular structure of (1[BF4]-solv) with key atoms labelled. H-atoms have been omitted for clarity.
Displacement ellipsoids are at the 30% probability level. Selected bond lengths (&) and angles (°): Ir(1)}N(1)
2.127(4),1r(1)-N(2) 2.128(4) Ir(1)-N(3) 2.043(4), Ir(1}N(4) 2.030(4), Ir(1}C(31) 1.999(5), Ir(1)C(51) 2.0125), N(1)-
Ir(1)-C(31) 172.29(19), N(2)r(1)-C(51) 170.6(2), N(3Ir(1)-N(4) 174.31(17), N(L)Ir(1)-N(2) 76.02(17) C(31)}Ir(1)-
N(3) 80.6(2) C(51)Ir(1)-N(4) 80.2(2) sum at N(5) 359.9(10), sum at N(6) 360.0(10).
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Figure 3.3. Molecular structure of (2[PFs]-CH2Cl2) wit h key atoms labelled. H-atoms have been omitted for clarity.
Displacement ellipsoids are at the 30% probability level. Selected bond lengths (A) and angles (°): Ir(1}XN(1)
2.138(4),1r(1)-N(2) 2.137(3) Ir(1)-N(3) 2.037(4), Ir(1}N(4) 2.034(4), Ir(1}C(31) 2.005(4), Ir(1}C(51) 2.007(4), N(1)
Ir(1)-C(31) 169.60(15), N(2)r(1)-C(51) 175.57(15), N(3)r(1)-N(4) 172.64(14), N(1)Ir(1)-N(2) 75.58(13) C(31}Ir(1)-
N(3) 79.89(17) C(51)1r(1)-N(4) 79.33(16) sum at N(5) 359.9(7), sum &N(6) 360.0(7).
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3.3.3 Photophysical Properties

Table 1.3. Photophysical Characterization of Ir(lll) catalysts presented in this work .

Complex Absorption Emission 298 Kab Emission 77 K¢
W(nm) Mem Fox Jdeox  Cox  Cdeox Mem 3
CH2Cl2 as the solvent, 16°M
10'Q(cmiM ) (m)  @s) (W) (%) (%) (nm) (1s)
268 (2.87), 366 (0.54), 43. 488,
[Ir(ppy) 2(bpy-(NMe 2)2)][Br] 1[Br] 0.09 15 3 14 486, 524 21
(0.23) 518
[Ir(2Me -40Me-ppy) 2(bpy - 267 (8.59), 282 (7.60), 37(
522 0.10 12 4 35 482,514 2.9
(NMe2)2)][Br] 2[Br] (1.59)
267 (7.57), 354 (1.21), 38¢ 474,
[Ir(3CFs-ppy )2(bpy -(NMe 2)2)][PFe] 3[PFe] 018 22 52 80 472,508 3.4
(0.85), 420 (0.26) 502
268 (8.20), 289 (7.35), 36!
[Ir(4OMe -ppy) 2(bpy -(NMe 2)2)][Br] 4[Br] 514 010 1.6 5 35 476, 512 2.7
(1.47)
268(4.79), 360 (0.88), 43C 486,
[Ir (Ppy) 2(bpy-(pyr) 2)][Br] 7[Br] 008 11 2 34 490,512,550 2.3
(0.30) 516
[Ir(2Me -40Me-ppy) 2(bpy - 268 (3.08), 287 (2.66), 37(
516 0.07 1.0 2 25 498 2.8
(pyr) 2)][Br]8[Br] (0.80), 420 (0.37)

268(4.61), 293(4.16), 482,
[Ir(40Me -ppy) 2(bpy -(pyr) 2)][Br] 9[Br] 008 07 2 22 478,514,552 3.4
356(1.1), 400 (0.49) 512

270 (5.39), 317 (1.93), 36(
[Ir(ppy -NMe 2)2(bpy -(NMe 2)2)][Br] 10[Br] 564 008 10 2 32 516,548 5.6
(0.94), 427 (0.26)

271(5.47), 316 (1.98), 360
[Ir(ppy -NMe2)2(bpy-(pyr) 2)][Br] 11[Br] 556 0.07 1.0 3 36 528 4.5
(0.96), 424 0.25)

256 (9.30), 268 (9.17), 38(
[Ir(ppy) 2(bpy)][Br] 5[Br] 508 019 05 8 16 514,548 3.5
(1.05), 410 (0.54)

279 (8.08), 309 (4.05), 33:
[Ir(2Me -40OMe-ppy) 2(bpy)][Br] 6[Br] 610 0.15 03 10 25 522, 550 3.9
(2.65), 380(0.76)

243 (3.30), 283 (3.23), 38"
fac[Ir(ppy) 4 522 005 0.7 19 256 512,548 4.4
(0.65)

Dw?20R?2w Aw EPUw I GUDPOPEUVUEUTI Ew UOOUUDPOOUOW 2ET OR~> w &rwvEl ORAT |
[Ru(bpy)s]Cl2/H20 (. r = 0.028[; ¢ in frozen CH2Cl2.

Even if different counterions were tested to assess their influence on the photoactivated ATRP
mechanism, the following discussion is centered only on the bromine [Br]- salts, as both
hexafluorophosphate [PFe]- and tetrafluoroborat e [BF4- saline compounds displayed nearly

identical photophysical properties to those observed for the bromine -based catalysts

Figures 4.3-7.3 show the absorption and emission spectra of Ir(lll) complexes, grouped according

to their ligands substituents. The abrption and emission spectra were obtained from diluted
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(105M) CH:Clz solutions at 298 K. In general, all the absorption spectra presented intense!LC
(Ligand Centred) transitions centred in the UV region, followed by weaker MLCT (Metal to
Ligand Charge Transfer) processes exteding out the visible region. Upon excitation in the MLCT
region (Mex= 370 nm), all the Ir(lll) complexes displayed bright lumine scence. In all cases, both
GUEOUUOwabl OEwp, AWEOEwWODI 1 UD O itouthe Bréseniceofudissomad &F E O w
confirming the triplet character of the excited states. Analysing the first group of complexes
displaying the bipyridine decorated with (-NMez2) groups, vibronically structured profiles were
observed for catalysts 1[Br] and 3[Br], while structureless SMLCT profi le were observed for 2[Br]
and 4[Br] (Table 1.3, Figure 4.3). Upon freezing to 77K, all the complexes exhibited hypsochromic
shift of their emission maximum together with the appearance of structured emission profiles,
being this latter behaviour typical of the interplay of closely spaced 3LC/3MLCT type excited

states[E

250 00 50 400 450 500 400 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.3. Normalized Absorption (sx) and emission (dx) profiles of | r(lll) catalysts 1[Br] - blue line, 2[Br] - red

line, 3[PFs] - black line, 4[Br] - green line.

The different (C”N) ligands affected the photophysical properties of the compounds. With respect

to 1BrlOwbkT PET wi EVUWEWUUUUEUUOUI Bwrl 486, 31@®num| thebinbradic@d of ET OU U
electron donor groups (EDG) on the phenyl pyridine as in 2[Br] and 4[Br](-OCHs and -OCHs , -

CHp5s) resulted in the slight red shift of their emission profiles and the concomitant enhancement of

UT T PUwWGUEOUUOusy Bi=Q@% anc 5% TableE13,(Figure 4.3). On the other hand, the

decoration of the ppy-type ligand with EWG as in 3[PF] (-CFs) led to a blue shift of the emission

profile along with a consistent elongation O wO DI 1 U highkrugupstAnyiel®values o, gfes

0.18ps,, o« =5.2%,Table 1.3, Figure 4.3).

38



Compared to the emission of 5[Br] and 6[Br] displaying unsubstituted bipyridine ( Mmax=598 and
610 nm respectively, Table 1.3, Figure 5.3), the 4Kz wi UOEUDPOOEOPAEUP&MubP P UI u

groups shifted the emission profiles of 1[Br] -4[Br] to higher energies (Figure 4.3).
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Normalized Emission Intensity
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Wavelenght (nm) Wavelenght (nm)

Figure 5.3. Normalized Absorption (sx) and emission (dx) profiles of Ir(lll) catalysts 5[Br] - pink line, 6[Br] -

burgun dy line.

The decoration of bipyridine using pyrrolidine as ED group of (N*N) instead of dimethylamine as
for 7[Br], 8[Br] and 9[Br] (Table 1.3, Figure 6.3), did not lead to substantial changes in their
photophysical behavior, if we observe their emission p rofiles as well as the excited state decays
(both air equilibrated and deoxygenated solutions). However, minor differences were observed in

Ul T E U kah@fiect that might be induced by the more sterically hindered pyrrolidine ring.

{ R 1 1 L 1
250 300 350 400 450 500 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6.3. Normalized Absorption (sx) and emission (dx) profiles of Ir(lll) catalysts 7[Br] - blue line, 8[Br] - red

line, 9[Br] - green line.

Moreover, the introduction of a further -(NMe2) group on the phenyl pyridine ligands ( 10[Br] and
11[Br]) led to a consistert red-shift together with a shape change of the emission profiles (Mmax=564
nm for 10[Br] and 1max=556 nm for 11[Br], Table 1.3, Figure 7.3). Lifetimes and quantum yields are

consistent with values recorded from the other Ir(lll) compounds presented herein .
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Figure 7.3. Absorption (sx) and Normalized emission (dx) profiles of Ir(lll) catalysts 10[Br] - orange line, 11[Br] -

purple line.
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3.3.4 Stern Volmer Quenching Studies

Table 2.3. Stern-Volmer data for all the reported Ir(lll) species, 298K, DMF.

Complex Emission 298 K Ko Kq
DMF as solvent, EBPA as quencher Uem )
L*mol 1 L*mol *s
Uexe= 370 nm (nm) (us)
[Ir(ppy) 2(bpy-(NMe2)2)][Br] 1[Br]

492,518 0.096 6.2 6.4*10

VF958

[Ir(2Me -40me-ppy) 2(bpy-(Nme2)2)][Br] 2[Br]

492,518 0.122 14.1 1.2*10

VF965

[Ir(40me-ppy) 2(bpy -(Nme2)2)][Br] 4[Br]

484,512 0.110 9.1 8.2*10

VF975

[Ir(ppy) 2(bpy-(pyr) 2)I[Br] 7[Br]

484, 518 0.087 8.8 1.0*10

VF995

[Ir(2Me -40me-ppy) 2(bpy-(pyr) 2)][Br] 8[Br]

494,516 0.084 14.3 1.7*10

VF996

[Ir(4Ome-ppy) 2(bpy-(pyr) 2)][Br] 9[Br]

484, 514 0.085 7.8 9.2*10

VF999

[Ir(ppy -Nmez)2(bpy-(Nme2)2)][Br] 10[Br]

566 0.164 32.6 2.010¢

VF1006

[Ir(ppy -Nme2)z(bpy-(pyr) 2)][Br] 11[Br]

562 0.150 421 2.8*10

VF1007

Since the catalytic cycle involved in the photo-ATRP reaction is thought to begin with the
reduction of an alkyl bromide by an Ir(lll)* species, 8 Stern Volmer analyses(Table 2.3, Figure 8.3)
were performed to clarify if our Ir(lll) species together with EBPA, the radical in itiator, were

suitable for the targeted reaction.

® 101 @ 10i

=6.1871x + 1.0448 3
IRZ = 0.9737

3010

o1 o/

»
S
T

Emission Intensity (a..)

[

0.9
L -1.00E-02 2.00E-02 5.00E-02 8.00E-02 1.10E-01 1.40E-01
[EBPA]

Wavelength (nm)

Figure 8.3. Stern Volmer analyses of [Ir(ppy) 2(bpy -(Nme=2)2)][Br] (M = 1.22*104in DMF) vs EBPA (9x54%L), 298K.
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As shown in Figur e 8.3, a reduction of the Ir(lll) species emission (104 M solutions in degassed
DMF) and of the excited states decays was observed, upon cortinuous addition of EBPA aliquots
increasing its concentration from 0 to 0.1 M). This result suggests that a dynamic quernching

mechanism is taking place between our Ir(lll) complexes and EBPA.
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3.3.5 Electrochemistry

Table 3.3 Half-Wave redox potentials for all the reported Ir(lll) species (10-3M in anhydrous DMF, TBAPF ¢ 0.1 M
as the supporting electrolyte); SCE and Pt(ll) as reference and working electrode, respectively. Scan rate 0.1 V/s;

Excited States Redox Potentials HOMO -LUMO energies.

oxidation reduction Eox® Erea™ Eod
HOMO ¢ LUMO ¢ GAP
Complex vs SCE vs SCE Ir(1)*/1r(1IV) Ir(I)/Ir(1)*
E(V) E % (V) (ev) (eV) (eV) (eV) (eV)
1[Br] +1.22 -1.72 -1.32 +0.82 2.54 -5.62 -2.68 2.94
2[Br] +1.18 -1.72 -1.20 +0.66 2.38 -5.58 -2.68 2.90
3[PFe] +1.64 -1.67 -0.98 +0.95 2.62 -6.04 -2.73 3.32
4[Br] +1.21 -1.72 -1.20 +0.69 241 -5.61 -2.68 2.93
5[Br] +1.30 -1.32 -0.78 +0.77 2.08 -5.70 -3.08 2.62
6[Br] +1.36 -1.31 -0.67 +0.71 2.03 -5.76 -3.09 2.67
7[Br] +1.24 -1.74 -1.32 +0.82 2.56 -5.64 -2.66 2.98
8[Br] +1.14 -1.76 -1.42 +0.75 251 -5.54 -2.64 2.90
9[Br] +1.19 -1.78 -1.37 +0.78 2.56 -5.59 -2.62 2.97
+0.79, +0.97,
10[Br] -1.76 -1.41 +0.44 220 -5.19 264 273
+1.14
11[Br] +0.93, +1.16 -1.80 -1.30 +0.43 2.23 -5.33 -2.60 2.73
-0.697,-1.08",
(bpy -(NMe 2)2) +1.20 / / / / / /
_1.26”
(ppy -NMe 2) +1.28 -0.66 / / / / / /
+0.70, -2.20,
fac-[Ir(ppy) 5] - 12 -1.73 +0.23 2.43 -5.10 -2.20 2.90
0.78 (dmf) nd (>2.0) dmf
Fc/Fc +0.51 / / / / / / /

a: calculated with E ox* = Box-Eoo; Ered® = Beat+Eoo;3U b: calculated with Ervomo = -(Eox+4.4€V); Eumo = -(Eredat+4.4 eV)i32

All the reported Ir(lll) complexes were analyzed by cyclic voltammetry in DMF, using SCE and
Pt(Il) as reference and working electrode and TBAPFs as supporting electrolyte. The anodic region
of the reported Ir(lll) comple xes displayed one single and reversible process, commonly ascribed
to the formal oxidation of Ir(lll) to Ir(IV), except for comp ounds 10[Br] and 11[Br] which showed
more closely spaced processesFor instance, the region of positive potentials of 1[Br] displayed a
processcentred at +1.22 V vs SCETable 3.3), according to previously reported data. 33 Concerning
reductions, the cathodic region displayed a single and reversible peak at -1.72 V, which can be
assigned to the redudion of the dimethylamino moieties on the (bpy -(NMez)2) scaffold, in

accordance with literature. 233 The introduction of EW groups as in 3[PFs] shifted the oxidation of
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the metal center up to +1.64 V and anticipated the cathodic process of the dimethylamino moieties
of approximately 50 mV (-1.67 V). On the othea side, the decoration of cyclometalating (C"N)
ligands with EDG groups as in 2[Br] and 4[Br] did not substantially affect the outcome, with
reversible oxidations at +1.18 V and +1.21 V respectively, and a single and reversible reduction at
1.72V. Similarly, the Ir(lll) complexes presenting (bpy -(pyr)z2) as ancillary ligand displayed
oxidations centered at +1.24 V for7[Br] (C”N = ppy), +1.14 V for 8[Br] (C*N = 2Me-40Me-ppy) and
+1.19 V for 9[Br] (C"N = 40OMe-ppy). Concerning the cathodic region, (bpy -(pyr)_2)-based
compounds presented reversible processes at-1.74 V,-1.76 V and -1.78 V respectively, slightly
shifted to more negative potentials compared to (bpy -(NMez2)2) complexes. When ppy ligands
were decorated with a N-para dimethylamino group as for 10[Br] and 11[Br], the anodic region
appeared to be more complex, with the occurrence of closely spaced processes. CompoundLO[Br]
displayed three oxidation processes at +0.79 V, +0.97 V and +1.14 V. A single reversible reduction
was observed at-1.76 V.11[Br] showed a similar trend displaying two oxidations at +0.93 V and
+1.16 V, while a single and reversible reduction was observed at-1.80 V. This behavior can be a
consequence of the presence of four different EDG on both ppy and bpy-based ligands (i.e.
dim ethylamino and/or pyrrolidine), which may undergo oxidation right after the metal
center[213334n the end, the use of not modified bipyrid ine as for Ir(lll) complexes 5[Br] and 6[Br]
led to an anticipation of the single and reversible reduction process of approximately 40 mV.
Regarding the anodic region, reversible oxidation processes were observed at +1.30 and +1.36

respectively, slightly s hifted to more positive potentials.
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Figure 93. HOMO-+4, . wi Rx1 UDPOI OUEOw 1 O1 UT aw YEOUI Uw ol 54wi OUwEOOW
fac[Ir(ppy) 3]. The lines connecting the empty circles identify the groups of complexes which display spedfic
decorated ligands, as disassed in paragraph 3.3.3 (34 bpy-(NMe2)2, 56 unsubstituted bpy, 7-9 bpy-(pyr)z, 10-11

ppy -(NMe 2)2).
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The ground state redox properties of the proposed Ir(lll) catalysts are quite differen t each other. In
general, a strong electro-donating ability of the ED groups results in a higher destabilization of

HOMO energy level, making these Ir(lll) complexes quite easy to oxidize ( Table 3.3, Figure 9.3).
Moreover, both (bpy-(NMez)2) and (bpy-(pyr)z) led to a greater rise of the erergy of the
corresponding LUMOs compared to unsubstituted bpy ( Figure 9.3, 5[Br] and 6[Br]), making
harder the corresponding reductions. The combination of the electrochemical data with the triplet

excited state energy (ko, Table 3.3) led to the calculation of Eox" and Ered", the excited-state redox
potentials. With the exception of 3[Br] and the model compounds 5[Br] and 6[Br], the calculated
values suggest how these Ir(lll) complexes are good excitedstates reductants, making possibly

faster and more efficient the photoinduced electron-transfer to the radical initiator EBPA.
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3.3.6 TD-DFT calculations

The TD-DFT calculations were conducted in collaboration with Prof. Stefano Caramori and Dr.
Edoardo Marchini, at the Department of Chemical, Pharmacautical and Agricul tural Sciences
University of Ferrara. The TD-DFT calculations were performed on the optimized structures of
the catalyst 1[Br], 10[Br], 5[Br] and of the standard Ir(ppy) s as comparison. Geometry optimiza tion
was carried out at the B3LYP/LANL2DZ level, while the TDDFT calculation s were run on
optimized structures in CH sCN by using the B3LYP/CEP-121G (relativistic compact effective
potential) functional to compute the lowest 40 vertical singlet transitions spanning most of the UV -
Vis region.Bl The HOMO energy obtained from these calculations well reproduces the

experimental trend in the oxidation potential in the series of Ir(lll) complexes investigated (Table

4.4 and Figure 10.3).
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Figure 10.3. Comparison of the experimental and calculated HOMO energy (V) for Ir(ppy) s, 1[Br], 5[Br], 10[Br].

Table 4.3. Comparison of the computed (calc.)and experimental electrochemical parameters of the Ir(lll) catalysts.

(SCE=saturated calomel electrode, NHE= standard hydrogen electrode).

Eox Ered Ered- Eox Exomo Erumo 1E Eox calca Ered calc.2 Eox calch Ered calct
Vs SCE Vs SCE V) calc. calc. calc. Vs NHE Vs NHE Vs SCE Vs SCE
() () (eV) (eV) (eV) v) ™ v) ™
Ir(ppy) s 0.78 <2 >2.78 -5.31 -1.63 3.68 0.71 -2.97 0.47 -3.21
1[Br] 1.22 -1.72 2.94 -5.62 -2.07 3.55 1.02 -2.53 0.78 -2.77
5[Br] 1.30 -1.32 2.62 -5.80 -2.61 3.19 1.20 -1.9 0.96 -2.23
10[Br] 0.76 -1.76 2.52 -5.41 -1.99 3.42 0.81 -2.61 0.57 -2.85

a: calculated with Eox=-(Exomo +4.6 €V); Erea=- (ELumo + 4.6 eV);B32 b:calculated with E (vs SCE=E (vs NHE) - 0.244 V.

The experimental oxidation potentials vary from 0.76 V vs SCEfor 10[Br] to 1.30 V vs SCE for
5[Br]. If a nearly constant offset of 0.4 eV with respect to the experimental measurements is taken
into account, the same behavior was observed for the computed HOMO.The

TD-DFT/B3LYP/CEP-121G calculations well reproduce the experimental absorption envelope of all
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complexes, showing groups of vertical transitions which straddle the 3-5 eV interval (Figure 11.3).
In most cases two groups of transitions can be idenified, with the most intense ones clustered
around 4.5 eV. A weaker absorption band, resulting from the overlap of several excitati ons with a

relatively small oscillator stren gth extends into the near UV and Vis region, up to 2.5 eV in the case

of [5]Br.
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Figure 11.3. Experimental vs. TD-DFT/B3LYP/LANL2DZ computed vertical excitations (vertical lines surmounted
by a red square) in complexes Ir(ppy )s, 1[Br], 5[Br] and 10 [Br] and their relative EDDM maps . Experimental
spectra have been normalized to the highest absorption band while the vertical transitions were normalized to the

most intense one.

On the KS basis, the main cortri butions to the optical transitions involve mixed exc itations from
the HOMO, HOMO -1 and HOMO-2 to LUMO, LUMO+1 and LUMO+2 and, in the case of 1[Br]
and 5[Br], excitations from HOMO -3 to LUMO+3 are also present. The isodensity maps of the
occupied orbital s bear contributions fr om both the Ir(lll) orbitals and those of the ligands (Figure
123). In the case of the homoleptic reference compound Ir(ppy) sthe frontier orbitals are
apparently mostly equally delocalized between the met al and the three identical ligands, while the

heteroleptic complexes 1-5-10 [Br] display occupied orbitals bearing m ain contributions from
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the metal and the phenylpyridine ligands. On the other hand, the lowest unoccupied orbitals have

mostly a bipyridine w d hafacter.

a) Ir(ppy) s
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Figure 123. Isodensity surfaces of the KS(Kohn-Sham) orbitals contributing to the vertical transitions reported in

Figure 11.3.

The compositional analysis of the HOMO is useful to unders tand the extent of mixing of metal and
ligand orbitals in 0T 1T wl UOUQOEWUUEUT wEOEwWUOwWYPUUEOPA&T wUT 1T wUx
upon oxidation of Ir(lll) to Ir(IV). The metal contribution to the HOMO varies in the order Ir(ppy) s
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(53.06%) >10[Br] (43.96%) >1[Br] (41.74%) >5[Br] (39.04%), outlining a lower degree of
delocalization in Ir(ppy) s and the prevailing MLCT character of its optical transitions. Instead, the

optical excitations display a stronger MLC T-ILCT (Intraligand Charge Transfer) nature in the
heteroleptic 1-10 [Br] compounds, PT PET wOOUI wUUUOOT SawoOPRwUT I PUwWOI U
system of the cyclometalated ligands. The Electron Density Difference Maps (EDDM) (Figure 11.3)

EUl wOUT EwOOwT 1 01 UEUTI wEwW?UDOT Ol wxEUUDPEOI » wx&:LEUOUD
Ir(11) complexes upon light absorption. In particular, the lowest energy EDDM allows to visuali ze

th T w?2l Ol EUUGQrEl BXAWAIWFEAUUUDPEUUDOOWEUWUT 1T wi PUU0wWUD
for triggering the photochemical reactions of our interest. Similarly, the S1 electron/hole
distribution is expected at the lowest triplet state (T1) aswell. EDDM clearly rev eal that the hole

density is mainly localized on the iridium core in the case of Ir(ppy) s, corroborating the MLCT
assignment to the lowest energy optical excitations. In the 1-10[Br] series the hole distribution
consistently confirms the stronger mixing wi th the orbitals of the phenylpyridine ligands found

with the compositional analysis of the frontier orbitals. Among this series, t he hole distribution of

10[Br] shows a prevailing localization on the iridium center. Upon excitation, the electrons of the

periphery of the molecular structure, they can couple favorably with electron acceptors diffusing

in solution, giving rise to the o xidative quenching of the excited state. For analogous reasons the

electronic coupling between the hole localized and contracted on the Ir(lll) center and an electron

donor present in solution is expected to be small, thus retarding charge recombination and partly

favoring the appearance of a long-lived charge separated state. As far we have observed, the
persistence of the charge separated state is not correlated with the degree of hole density on the

Ir(lll) core, but rather the process seems to be critially dependent on the electron donor
capabilities of the excited state, for which a favorable electronic coupling, arising from the LUMO

distribution, must be accompanied by a sufficiently negative excited st ate potential.
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3.3.7 Photo-ATRP of MMA

Table 5.3. Reaction conditions, molecular weight and polydispersity value for the light mediated ATRP of MMA

using the various Ir(lll) catalyst described herein. MMA = 0.4 mL, DMF = 1.4mL.

Entry Cat. Cat. EBPA Mn theo. Mn exp. PDI c Light source
(mol%) (mol%) (g/mol, 8h) (g/mol, 8h) (8h, mean) (%)

1 1[PF] 0.01 0.4 10400 13000 1.6 (1.5) 405 LED
2 1[BF 0.01 0.4 10600 9000 1.7 (1.6) 415 LED
3 1[Br] 0.01 0.4 11000 8600 1.9 (1.7) 43.1 LED
4 1[Br] 0.01 0.4 11800 10600 1.9 (1.9) 46.2 CFL
5 1[Br] 0.0125 0.4 10500 8500 2.0(1.9) 41.2 CFL
6 1[PF] 0.015 0.4 8600 11300 1.5 (1.4) 336 LED
7 1[Br] 0.015 0.4 10400 9200 1.7 (1.7) 40.8 LED
8 1[Br] 0.015 0.4 8500 8100 1.8 (1.9) 32.9 CFL
9 1[Br] 0.02 04 8200 6000 1.7 (1.7) 31.7 CFL
10 2 [PF 0.01 0.4 10600 6300 1.6 (1.6) 415 LED
11 2 [Br] 0.01 0.4 8200 6300 1.8 (1.6) 31.7 LED
12 2 [Br] 0.01 0.4 9100 7700 2.0(1.9) 35.3 CFL
13 2 [Br] 0.0125 0.4 9800 9100 2.0(1.9) 38.1 CFL
14 2 [Br] 0.015 0.4 7600 7200 1.7 (1.6) 29.6 LED
15 2 [Br] 0.02 0.4 8400 7700 1.6 (1.6) 327 LED
16 3 [PF] 0.01 0.4 11300 12900 1.9 (1.6) 44.2 LED
17 4 [PF] 0.01 0.4 11700 10300 1.7 (L.6) 45.8 LED
18 4 [Br] 0.01 0.4 7300 7600 1.7 (1.6) 28.2 LED
19 4 [Br] 0.01 0.4 9000 7900 1.7 (1.6) 34.9 CFL
20 4 [Br] 0.015 0.4 9900 8800 1.7 (1.8) 38.7 CFL
21 4 [Br] 0.02 0.4 11000 9000 1.7(1.7) 432 CFL
22 7 [B1] 0.015 0.4 9000 6800 18(1.7) 35.1 CFL
23 7 [Br] 0.02 0.4 6600 7500 1.5 (1.5) 25.6 CFL
24 8 [Br] 0.015 0.4 9600 8400 1.7 (1.7) 37.6 CFL
25 8 [Br] 0.02 0.4 10600 6400 1.6 (1.5) 41.4 CFL
26 9 [Br] 0.015 0.4 4200 4100 1.8 (1.6) 15.7 CFL
27 9 [Br] 0.02 0.4 5900 6400 1.5 (1.6) 225 CFL
28 10 [Br] 0.01 0.4 7600 7300 1.7 (1.8) 29.6 CFL
29 10 [Br] 0.0125 0.4 11200 7700 1.7 (1.7) 437 CFL
30 10 [Br] 0.015 0.4 11900 9500 1.6 (1.9 46.6 CFL
31 10 [Br] 0.02 0.4 12000 9800 1.6 (1.6) 47.2 CFL
32 10 [Br] 0.02 0.4 3900 17100 1.3 (1.4) 14.8 LED
33 11 [Br] 0.01 0.4 5100 5800 1.4 (1.5) 19.4 CFL
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34 11 [Br] 0.015 0.4 8200 7900 1.4(1.4) 318 CFL

35 11 [Br] 0.02 0.4 6600 7100 1.4 (1.4) 25.6 CFL
36 11 [Br] 0.02 0.4 2000 4400 1.4 (1.3) 7.1 LED
37 5 [Br] 0.01 0.4 - - - 0 CFL
38 5 [Br] 0.02 0.4 1700 - - 5.7 LED
39 6 [Br] 0.01 0.4 - - - 0 LED
40 6 [Br] 0.01 0.4 1200 - - 3.8 CFL
41 12 (fac- 0.01 0.4 13200 11300 16 (15) 519 CFL
Ir(ppy) )

After a complete characterization, the catalytic abilities of our Ir(lll) catalysts were tested in the
photoactivated ATRP of methyl methacrylate (MMA) . The photopoly merization was caried out
under argon atmosphere upon exposure to different light sources, a white LED strip or two readily

available CFL household lamps, whose emission spectra showed an overlap with the absorption
profile tail of the catalysts in the visible region (~400440 nm, Figure 23.3, Supplementary

Information ). A fan was placed above the photoreactor to ensure temperature control over the
whole reaction period. Anhydrous and t horoughly degassed DMF was used as the solvent. The
highly reaE UD Y 1 w ibldrhopr@nyla¥etate was selected as the radical initiator of our

photoinitiated system (Scheme 2.3).

(o) o o Me
Br Cat. x % mol Br
EtO + OMe >  Eto
hv, R.T., 8h, DMF n
Ph Me Vo B D G, Ph
0~ “OMe

Scheme 2.3. Photoinduced ATRP of MMA in presence of Ir(lll) catalyst and EBPA as in itiator.

Reaction parameters such as light source, catdyst and counterion effect were screened to evaluate
their impact on the ATRP process and therefore to optimize the system. Concerning the light
source, after 8 hours of exposure at room temperature, both LED and fluorescent lamps
photoreactors setup gave polymers with molecular weights (Mn exp) between 4 and 11 kg/mol,
with polydispersity index (PDI) from 1.4 to 2.0 and 15 to 47 % as conversion valuesTéble 5.3).
With respect to the white LED strip, CFL lamps irradiation led to a better reaction control, with

slightly higher conversion values and polymerization profiles consistent with the expected
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theoretical molecular weight values ( Table 5.3). This is probably due to the better overlap between
the absorption spectra of Ir(lll) complexes and the emission spectra of CFL lamps. Another
substantial improvement in reaction control was achieved once bromide -based catalysts were
used. The sole presence of [Br]anions, both from the radical initiator EBPA and Ir(lll) counterion ,
may be the key factor to establish a balance between active and dormant species, especially when

cationic Ir(lll) catalysts are used in photo-ATRP reactions (Figure 13.3).

Conversion (%)

Figure 13.3. Comparison between 1[PFs] and 1[Br] as catdysts in the photo-ATRP of MMA. [MMA]:[EBPA]:[Ir] =
1:0004:0.01%.

As the photocatalytic cycle is supposed to follow an oxidation pathway, better performances were
observed when easily oxidizable Ir(lll) complexes were used as catalysts (i.e. good excitedstates
reductants). As previously observed for copper-mediated ATRP[0, we noticed how the
introdu ction of sp3 hybridized N -moieties on both C*N and/or N*N ligands conferred the desired
ground and excited states features to our compounds (entry 28-36 CFL, Table 5.3). To further
support, the use of 5[Br] and 6[Br] did not provide satisfying conversion values and/or control on
the polymer growth (entry 37-40, Table 3.5). In general, the relationship between In(MdM) vs
11 EEUPOOwW3 POl wEUwWPIT OOWEUWUT 1T wlOUT OEwOIi w,FiQueYld3uX wpbl L
and Figures 63.3-99.3, Supplementary Information ), then a slight decrease in slope was observed.
The best performances were obtained when 10[Br] and 11[Br], the best excited states reductants of
the series were used as catalyss. Good control over the polymerization was reached by employing
from 0.01 to 0.02 mol% of both 10[Br] and 11[Br], with molecular weight distribution ranging from

1.7 to 1.4 (enry 28-31 and entry 33-35 CFL, Table 5.3) and conversion values from 19to 47% under
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CFL irradiation. However, the determined PDI values were higher compared to the typical PDI

range obtained by ATRP processes.
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Figure 14.3. (sx) Polymerization profile of MMA, under argon, CFL set-up; (dx) Kinetic plot; Cat.: [10]Br.
[MMA]:[EBPA]:[Cat] = 1:0.004:0.02%.

Temporal control over the ATRP reaction was demonstrated by switching between dark and light
periods, with the lack of any reaction in t he absence of irradiation. Indeed, no polymerization was
observed when monomer, radical initiator and catalyst were combined for 1 h our in the absence of
light. The reaction was then exposed to light for two hours, resulting in almost 15% MMA
conversion (Figure 15.3). The living nature of this photoinitiated system, along with the presence
of active bromo groups at the end of the growi ng polymeric chains, was further demonstrated by
using purified PMMA obtained after 4 hours of irradiation as macroinitiator  in the polymeriza tion
of HMA (hexyl methacrylate) (Scheme 3.3). The reaction of PMMA -macroinitiator, 0.02 mol% of
10[Br] and HMA mo nomer resulted in the formation of poly(methyl methacrylate)-b-poly(hexyl
methacrylate) copolymer (PMMA -b-PHMA), with 'H-NMR analysis showing the increase of the
characteristic methylene bridge signal at ca. 4 ppm in CDCls (Figure 15.3). This important result
confirmed the possibility of exploiting the obtained living polymer as macroinitiator for preparing

block copolymers.

Me Me

o Me o (0]
Br Cat. x % mol Br
EtO Lo Yj\o/\/\/\ i » EtO - -
Ph hv, R.T., 8h, DMF Ph
0~ “oMe o 0

OMe OHex

Scheme 3.3. Synthesis of block copolymer (PMMA -b-PHMA) using PMMA as macroinitiator.
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Figure 15.3. (sx) Polymerization of MMA with 0.02 mol% of 10[Br] with two light -on periods; (dx) Overlayed H-
NMR (0.5, 4 and 8 hrs from the bottom up) of PMMA -co-PHMA copolymer obtained by reaction of PMMA -
macroinitiator and 0 .02 mol% of 10[Br], CDCls, 400 MHz.

In the end, model compound facIr(ppy) s was tested as well as photecATRP catalyst using our LED
and CFL lamps set up. The polymerization profile obtained with facIr(ppy) s was quite similar to
the trend given by our complexes presented herein. A good control was achieved in the first 4
hours with linear relationship between In(M o/M) vs Reaction Time as well as between My Y U i X
then a slight decrease inkinetic and Mn slope was observed, together with PDI values in the range
of 1.3 and 1.7(Figure 16.3). Therefore, we believe that a more appropriate reaction set up could be
the key for the optimization of our photoactivate d system, and that our Ir(lll) complexes may be

promising alternatives to the homoleptic model.
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Figure 16.3. (sx) Polymerization profile of MMA , under argon, CFL setup; (dx) Kinetic plot; Cat.: 12 (Ir(ppy) 3),
[MMA]: [EBPA]:[Cat] = 1:0.004:0.0%.
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3.3.8 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) of three selected compounds was performed to gain
more insights on the photochemical pathways triggering the photoinduced polymerization , in
collaboration wi th Prof. Stefano Caramori and Dr. Edoardo Marchini (Department of Chemical,
Pharmaceutical and Agricul tural Sciences University of Ferrara). Among the series, we have
selected the standard fac[Ir(ppy) 3], the reference benchmark 1[Br] and one of the best and worst
performers namely 10[Br] and 5[Br] respectively. The (nsus) TA spectra of these molecular Ir(lll)
photocatalysts upon 355 nm excitation in de-aerated DMF solution are reported in Figure 17.3 The
355 nm laser excitation led to the population of the lowest triplet charge tra nsfer state within our
POUUUUOI OUEOWUI UxOOUT wop%ws' , WAWEESwhYYwOUwPHUT wt
recorded between 340 and ca. 450 nmaccording to the solvent transparency window (lowest
wavelength) and the onset of the intense spontaneous emsson, common to all the Ir(lll)
chromophores. Within th is interval, all the complexes exhibited a bleach that mirrors the ground
state absorption manifold around 400 nm. A dip in the absorption band can be appreciated at ca.
410 nm(Figures 17.3 a, b, 9. The sole exceptionis represented by 5[Br], whose triplet state is more
absorbing than the ground state over the entire spectral range herein considered Intense
absorption bands of the triplet state are observed in the 343 380 nm and 420- 500 nm interval,

which leads to well defined isosbestic points for 1[Br] and 10 [Br] at ca. 380 and 420 nm.
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Figure 17.3. Transient absorption spectra for 1[Br], 5[Br] and 10[Br] for the different described situations in DMF
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solution. Laser Power: 9 mJ/cn#/pulse.
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In contrast, TAS (Figure 18.3 a) of the reference compound faclr(ppy) s is dominated by bleached

bands, which nicely mirror its ground state absorption ( Figure 100.3, Supplementary
Information A6 w3 T T wi REDUIT &uwl REWIEEOD Eiwd @IOwPDO O] R x OO0 OUD
averaged over three different wavelengths around the bleaching minimum ( as for 1[Br], 10 [Br]

and faclr(ppy) s) afforded values in agreement with the experimental emission studies previously

discussed. In the case of5[Br], the lifetime was extracted from the relaxation of the intense high

energy absorption. Jovaries according to the series 5[Br] (0.30 ps) <10[Br] (0.97 us) <Ir(ppy) 3 (1.65

ps) <1[Br] (2.03 ps).
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Figure 1823. Transient absorption spectra of the DMF solutions of (a) Ir(ppy) s, (b) Ir(ppy) s + EBPA, (c)lr(ppy) s+
EBPA + MMA, t=0h of polymerization and (d) Ir(ppy) s+ EBPA + MMA, t=2h of polymerizati on.

When a 40fold excess of EBPA was added in the mixture as electran acceptor, we observe a
change in the shape of the absorption spectra at short delays (613 ps, Figure 17.3 panels d-e-f and
Figure 18.3 b) and different time evolution kinetics which ar e no longer mono exponential. This is
particularly evident in the case of Ir(ppy) s, 1[Br] and 10 [Br] while 5[Br] is largely unchanged. In a
deoxygenated solution, faclr(ppy) s, 1[Br] and 10[Br], evolve to a long-lived state, which survives
well into the m s time scale fFigure 17.3, panels g,h,i), assigned to the Ir(IV) state generated upon

oxidative quenching (electron transfer to EBPA) of the Ir(lll) triplet state. In the case of Ir(ppy) s,
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the evolution to the long-lived state occurs well within the FWHM of laser pulse pA whiY Y wOUOwWE
380 nm). According to the kinetics observed at 400 nm a fast processwas observed also for 10[Br].

The analysis of the decay close to 420 nm, in proximity of one of the isosbestic points and where

the excited state shows asmall residual positive absorption , displayed a bleachwithin the duration

of the laser pulsewhen EBPA is present (Figure 19.3).
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Figure 19.3. Comparison of the kinetics with and without the excess of EBPA (40:1) for (a) Ir(ppy) s, (b) 1[Br], (c)
5[Br], (d) 10[Br] at 400nm and (e) 10[Br] at 420 nm.
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TAS of 1[Br] in presence of EBPA resulted inthe removal of the excited state isosbestic pointssince
0 delay (corroborated by the transient spectrum at FWHM = 7 ns, Figure 20.3), in accordance with
the absenceof the bleaching band. Instead, intense absorption bands centered around 370 and 450
nm are present (Figure 17.3d). This indicates that a new electronic state is achieved whenl[Br] is

photoexcited in the presence of the excess EBR.
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Figure 20.3. Transient absorption spectra of the DFM solution of 1[Br] + EBPA at the best resolution of our

spectrometer (FWHM=7-10 nm).

However, these absorption bands further decay with a lifetime of ca. 1 us to a long-lived state,
completely popul ated during the first 3 us after the laser pulse. This is characterized by a broad
bleaching band spanning the 350420 nm interval , with a minimum at 380 nm. After this final

state is populated, no further spectral evolution can be observed into the mill isecond time scale
(Figure 17.3 g). Smilar dynamics and spectral fingerprints are observed when NH 4&0s is used as
electron acceptor, albeit with some differences in the relative intensity and shape of the absorption
bands (Figure 21.3). We rationalized this behavior as the dissociation of (1[Br]*Acceptor-)

intermolecular ionic couple , where either EBPA or $Os* act as electron acceptors.
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Figure 21.3. Transient absorption spectra of the acetonitrile solution of (a) 1[Br] and (b) and (c) 1[Br] + SOs? at
shorter and longer timescale respectively. (d) Comparison of the 360 nm kinetics decay of 1[Br] and 1[Br] in the

presence of an excess of 240 equivalents of28s*.

Control measurements performed on 5[Br] at longer time scales reveal only a minor presence of
long-OD Y1l Ew( Up( 5 & wgwhichussauihg dnituafGhe sehskivity of our spectrometer . This
confirm ed that the electron donation form 5[Br], characterized by the most positive E*x within this
series is largely inefficient, corroborating the excited state oxidative quenching mechanism and
the initiation step in the photo -ATRP. The photophysical behavior of the selected Ir(lll)
compounds was also observedin conditions relevant to the photopolymerizatio n experiments,
with [Ir]:[EBPA]:[MMA]=1:40:10000 molar ratios. At 355 nm, norelevant absorptions from MMA
and EBPA were observed, thus excitation only involves the Ir (lll) photocatalyst. In such
conditions, we observed a change in the shape and relative intensity of the TAS of all the
complexes. This was probably due to the changed nature of the solvent medium , which included a
10000Gfold excess of MMA. For 1[Br], 10[Br] and faclr(ppy) s an intense bleaching band in the 360
400 nm (Figure 17.3 panels j, k, |) that evolved within the laser pulse to a long-lived state was

observed. Only weaker absorptions above 400 nm were detected. In the case of5[Br], which is
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substantially inactive in promoting the oxidative quenching of the triplet state, transient decays
were completed in 7 s, indicating that the prominent bleaching observed for the complexes at
early delays (0-2 us) is indeed to the triplet state contribution. The Ir(IV) charge-separated state
achieved in the presence of MMA is long-lived, reaching within 4 ps a steady state with a
permanent residual 450 nm absorption. The population of such state is faster according to fac
Ir(ppy) = (300 ns, canparable with the pulse widt h) > 10[Br] qpeew K Y Y WiBE UA% whsened
previously, 1[Br] evidently displays two kinetic components, having about the same amplitudes, a
first one with a lifetime of 450 ns and much slower second one with a lifetime of the o rder of 1.7
ps, consistent with the behavior reported before. In all cases, the residual long lived amplitude at
450 nm is 25 to 30 % of the initial amplitude , with only a marginal evolution observed in the
following us. The photophysical experiments perfo rmed after 2 hours of polymerization, carried
out with the same setup discussed in section XX (Photopolymerization) , (Figure 17.3 panels m, n,
0) showed for all Ir (lll) complexes spectral features similar to those just described. As the solvent
medium is changing due to the formation of long polymer chains, some minor changes occur in
the TAS, highlighting at early delays a decreased bleaching intensity compared to the longer
wavelength absorption. Interestingly, after two hours of polymerization, we observe a faster
recovery the long-lived Ir(IV) state with time constant s of 2 to 5 us, achieving a residual amplitude
Gwhy vy woOi w Whithinuhd thiz Wibdewd under consideration ( Figure 22.3). This indicates
that regeneration of the Ir(lll) probably occurs by reaction with the propagating polymer radicals.
To the best of our knowledge, the possibility that the increased concentration of Br- generated by
EBPA dissociation act as a Ir(IV) scavenger, seems to be ruled out based on the endergonicity we
infer from the cyclic voltammetry, where no bromide oxidation is observed before interceptingt he

Ir(1N)/(IV) process in DMF.
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Figure 22.3. 450nm kinetics for Ir(ppy) s, 1[Br] and 10[Br] in the presence of EBPA (40:1) and the MMA (10000:1) at

(a) Oh and (b) 2h of polymerization.
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3.4 Conclusion s

A new class of Ir(lll) complexes with general formula [Ir(C"N) 2(N*N)][Br] was designed,
synthesized and fully characterized. The compounds were tested as photocatalysts in the
photoactivated ATRP of MMA. After an extensive screening and study of the photophysical

properties of each Ir(lll) species, the key factors for this application were pointed out. All the

complexes were capable of photoinitiating the polymerization of MMA, but a good control and, in
general, the best performances were exhibited by the cationic Ir(lll) complexes like 10[Br] and
11/Br], which were designed in order to display high triplet excited states (°T) and low ground

state oxidation potentials (Eox, V), especially with values similar to the faclr(ppy) s catalyst model.
Moreover, the nature of the counterion appeared to be esseatial for the accomplishment of the
oxidative cycle. In fact, by following a screening that encompassed various anions, bromide was
selected as the best counterion for the cationic Ir(lll) based phobcatalysts. The choice of light
sources affected the atalytic performance as well; indeed, it was fundamental to select lamps
whose emission spectrum properly overlap with absorption spectra of the catalysts, together with

adequate light intensity. Keepin g in mind these considerations, we were able to reachencouraging
living nature of the polymer was proved by exploiting the latter as a macroinitiator in the

preparation of block copolymers, confirming our new complexes as promising photocataly sts
applicable to controlled/living radical polymerization (CRP) techniques. To complete our study,
transient absorption spectroscopy (TAS) of a selected series otcompounds was performed to gain

additional information on the ph otochemical mechanism that has been hypothesized so far.
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3.5 Experimental Section

General considerations

All the reagents and solvents were obtained commercially (Sigma Aldrich/Merck, Alfa Aesar,
Strem Chemicals) and used as received without any further purification, unless otherwise
specified. All the reactions were carried out under argon atmosphere followi ng standard Schlenk
protocols. The purification of Ir(lll) complexes was performed via column chromatography by
using Al20s as stationary phase. ESl-mass spectra were recorded using a Waters ZQ4000 mass
spectrometer. (ESIMS, acetonitrile as the solvent). Nuclear magnetic resonance spectra {H and
13C) were recorded using a Varian Mercury Plus 400 (*H, 399.9; 13C, 101.0 MHz). *H and 13C

chemical shifts were referenced to residual solvent resonances.
Photophysics

Absorption spectra were recorded at room temperature using a Agilent Cary 100 UV -vis
spectrometer. Uncorrected steady-state emission and excitation spectra were recorded on an
Edinburgh FLSP920 spectrometer equipped with a 450 W xenon arc lamp, double excitation and

single emission monochromators, and a Peltiercooled Hamamatsu R928P photomultiplier tube

Wk NWKY wOOAKG w$s OPUUDPOOWEOE Wi B E D U EWBI@OGY mm) BdU E w b I
corrected for source intensity (lamp and grating) and emission spectral response (detector and

grating) by a calibration curve supplied with the instrument. The wavelengths for the emission

and excitation spectra were determined using the absorption maxima of the MLCT transition

bands (emission spectra) and at the maxima of the emission bands (excitéon spectra). Quantum

abl OEUwp, AwbPl Ul wEl U1 UOPOT EwUUDPOT wlOT 1 wé&ralkrckakod Oa WE D
wavelength obtained from absorption spectra on a wavelength scale [nm] and compared to the

reference emitter ([Ru(bpy)s]2tin H20) by the following equation: 7

0= ¢ i) [l ]

where A is the absorbance atthel REDUEUDPOOwWPEYI O O1 Ul wopMAOQw( wbUwUI
EOwUOT 1T wi REDUEUDOOWPEYT O1 OT U1 wopuAOwOwdUwOT T wUi iU
PDOUI OUPUawOl wiUT T woUODLOI UEIT O HaheGubdedpts wandiDrefen U khe w @ U E (

reference and the sample, respectively. A stock solution with an absorbance > 0.1 was prepared,

64



then a 10 times diluted solution was obtained, resulting in absorbance of about 0.07/0.08
depending on the sample considered. The Lambert-Beer law was assimed to remain linear at the
concentrations of the solutions. The degassed measurements were obtained after the solutions

were bubbled for 10 minutes under Ar atmosphere, using a septa-sealed quartz cell. Air-
equilibrated [R u(bpy)s|Clz/H2. w U O O U U b (e8)iti qiyasuwéed s&eference. The quantum yield
determinations were performed at identical excitation wavelengths for the sample and the

Ul T T UI OETl OwUTTUIIT OUI wETl O1 UBOT wUT T ubwadEd Al +)(wedkl U Kuwudghbl
determined with the single photon counting technique (TCSPC) with the same Edinburgh FLSP920
spectrometer using pulsed picosecond LED (EPLED 365, FWHM < 800ps) as the excitation source,

with repetition rates between 1 kHz and 1 MHz, an d the above-mentioned R928P PMT as detector.

3T 1T wl OOEDST UUwWOT wi POwb EUVUwWE UUI undtidh i dywBddB@dieénd 01 wU
of the weighted residuals. To record the 77 K luminescence spectra, the samples were put in quartz

tubes (2 mm diameter) and inserted in a special quartz Dewar filled with liquid nitrogen. The

solvent used in the preparation of the solutions for the photophysical investigations was of
spectrometric grade. Experimental uncertainties are estimated to be 8% for lifetime
determinations, +20% for quantum yields, and £2 nm and =5 nm for absorption and emission

peaks, respectively.
Stern Volmer quenching experiments

2 mL of 1.04 to 1.22*168 M degassed DMF solutions of the Ir(lll) complexes were placed in a septa

sealed quartz cuvette. SEET UUDPYI wEOPGUOUUWOI ws$!/ wWwopNRKkws+Awb
emission spectra were recorded after each addition, while lifetimes were acquired in absenE 1 wopg Y & w
OQOUWEOwWUOT T wi CEwOl wiT T wi OPUUPOOWUPUUEUDOOWI Rx1 UDPOI O
Cyclic Voltammetry

TBAPFs (tetrabutylammonium hexafluorophosphate, Sigma Aldrich) was used as received as the
supporting electrolyte; anhydrous DMF (99.8%, Sigma Aldrich) was used as received and
thoroughly degassed under N: before each measurement. Electrochemical experiments were
recorded with a Metrohm Autolab PGSTAT302N potentiostat -galvanostat using a Calomel
electrode as reference (303/SCG/6t Amel Electrochemistry) and a Platinum solid electrode

(492/Pt/2¢ Amel Electrochemistry) as working electrode.
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X-Ray Crystallography

Crystal data and collection details for [1][BF4]-solv and [2][PFs]-CH2Cl- are reported in Table 6.3
Data were recorded on a Bruker APEX Il diffractometer equipped with a PHOTONZ2 detector
using Mo-KY radiation. The structures were solved by direct methods and refin ed by full -matrix
least-squares based on all data using E. Hydrogen atoms were fixed at calculated positions and
refined using a riding model. The unit cell of [1][BF4]-solv contains an additional total potential
solvent accessible void of 529 & (ca. 14% of the cell volume), which is likely to be occupied by
highly disordered solvent molecules. These voids have been treated using the SQUEEZE routine of

PLATON. [38.39]
Light sources

The intensity of the Led strip used as light source was measured with a power meter within 5 cm
of the crystallization dish used as the support. The resulting surface power density is 3 mW/cmz.
CFL household lamp (2X12W, E27, 6500K, Ogam) were used as light source. A fan was placed

above each photoreactor to maintain the temperature below 30°C.
Gel permeation chromatograp hy

The average molecular weights and polidispersity index values were determined using HPLC Lab
Flow 2000 apparatus with injector Rheodyne 7725i, refractive index detector Knauer Rl K-2301 and
column TSKgel GMH hr-N, 5 pm, 7.8x300 mm in DMF. Calibration curves were obtained by

monodisperse polystyrene standards.
Transient Absorption Spectroscopy

Transient absorption spectroscopy in the ns-ms time scale was performed with a previously

described time resolved apparatus.* The samples were excited by 355 nm harmonic of a Nd:YAG

laser (continuum Surelite 1) by defocusing the laser beam. The monochromatic light probe beam

was generated by a 150 W Xe lamp coupled with an Applied Photophysics monochromator and

was pulsed for time windows lower than 400 ps to increase the signal-to-noise ratio (S/N). To

further act on the S/N ratio, mult iple shots were acquired and the signal was pre-amplified with

EDIi 11Ul OUwbOx1 EEOETI UwpYEUaDOT weEl UpT 1 Owt kYwl wOOwhiu
The Samples were either composed by deoxygenated DMF or ACN solutions of the 6.77x1¢ mM

iridium c atalyst, first alone and then in the presence of a 40 fold excess of EBPA initiator (40:1).

Measurements were also carried out during the polymerization, by introducing EBPA (40:1) and
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MMA (10000:1). To validate the oxidative quenching pathway, transient a bsorption analysis was

also conducted in the presence of SO+ anion (1:240) as electron acceptor.
Quantum chemical computations

The geometry optimization of the dye structures was performed with Gaussian 09 A2. 1 First
equilibrium geometries were computed in vacuo (restricted B3LYP -LANL2DZ) and the geometry
output and wavefunction from such calculation were used to refine the ground state geometry at
the DFT-B3LYP/LANL2DZ level “2 (in the presence of ACN described as a polarizable dielectric
continuum mode | (Integral Equation Formalism Continuum Polarization Model, IEFCPM).4a TD-
DFT spectra were computed in ACN at the B3LYP-CEP121G/IEFPCM#! by considering the first 40
lowest energy vertical excitations and using the guess wavefunction generated from the
LANL2DZ/ACN calculation. Experimental Spectra in ACN and DMF were fully comparable, and
the electronic properties extracted from the ACN computation can be safely extended to DMF
(Figure 107.3. Kohn Sham (KS) molecular orbitals were visualized as isadensity (isovalue 0.001)
surfaces with Gaussview 5. Wavefunction analysis and EDDM of the optical transitions were

obtained with Multiwfn 3.3.9. ©4
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Ligand Synthesis

(2Me-40Me-ppy), (40OMe-ppy), (3CK-ppy) and 4-chloro-2-phenylpyridine were obtained by
standard Suzuki-Miyaura 22 coupling conditions of 2-methyl 4-methoxy boronic acid or 3-
trifluoromethyl boronic acid or 4 -methoxy boronic acid or phenyl boronic acid (0.8 eq) with 2 -
bromopyridine or 2,4-dichloropyridine (1 eq.), [Pd(pphs)4] (0.1 eq) and K:COs (2N, aq) in freshly
distiled THF. Subsequent purification by SiO2 column chromatography (Hexane/EtoAc 7:3,

EP/DCM 8:2) yielded the desired products as pale-yellow oils (second fraction).

| N (2Me-40Me-ppy) H-NMR , (CDCls, 400 MHz) (%) ppm = 8.664 8.64 (m, 1H), 7.69-
N~ 7.64 (m, 1H), 7.35 7.32 (m, 2H), 7.18 7.14 (m, 1H), 6.8 6.79 (m, 2H), 3.79 (s, 3H),
cH, 2.36 (s, 3H).2C-NMR (CDCls, 100 MHz) () ppm = 159.72, 159.50, 149.08, 137.36,

136.03, 133.21, 130.97, 124.08, 121.23, 116112,24, 55.18, 20.64. Y = 0.8 g, 6.10 mmol
(98%).

OCH,

(CDCls, 100 MHz) (%) ppm = 15921, 154.63, 149.26, 137.21, 131.38, 128.63, 123.61, 120.54,

| X, (40Me-ppy) H-NMR, (CDCls 400 MHz) () ppm = 8.66¢ 8.64 (m, 2H), 7.96t 7.94 (m,
N 2H), 7.714 7.66 (m, 2H), 7.18 7.16 (m, 1H), 7.04¢ 6.98 (m, 2H), 3.86 (s, 3H)#*C-NMR
114.89, 55.83. Y = 0.7 g, 3.7@mol (51%).

OCH;

§ (3CF=-ppy) H-NMR , (CDCls, 400 MHz) () ppm = 8.744 8.72 (m, 1H), 8.29 (s, 1H),

N| - 8.19¢ 8.17 (d,d+-n = 7.6 Hz, 1H), 7.8 7.57 (m, 2H), 7.68 7.66(d, Ji+ = 7.6 Hz, 1H),
7.624 7.57 (m, 1H), 7.33 7.27 (m, 2H).*C-NMR (CDCls, 100 MHz) (%) ppm = 149.85,

| A
P

140.06, 137.03, 130.05, 129.21, 125.56, 125.53, 125.49, 123.81, 123.78, 122.82,'920.62.
®: NMR (CDCls, 376 MHz) () ppm =-62. Y = 0.6 g, 2.69 mmo{73%).

Cl
N 4-chloro -2-phenylpyridine  *H-NMR , (CDCls, 400 MHz) () ppm = 8.51¢ 8.49 (m, 1H),
7.94¢ 7.92 (m, 2H), 7.63 7.38 (m, 3H), 7.13 7.11 (m, 1H).3C-NMR (CDCls 100 MHz)
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(®) ppm = 159.15, 150.63, 144.88, 138.28, 129.74, 129.00, 127.12, 122420.Y =
0.380 g, 2.01 mmol47%).

N,N-dimethyl -2-phenylpyridin -4-amine - (ppy-NMez2). In a 50 mL heavy-walled Schlenk flask
equipped with a pressure plug valve, 4-chloro-2-phenylpyridine (0.380 g, 2.01 mmol) and
HN(CH 3)2 33 wt.% (5 mL) were heated at 140°C for 24 h under argon atmosphere. After complete
cooling to room temperature, the reaction mixture was extracted with EtOAc for three times, and

the resulting organic phase was dried over MgSO4 and the solvent removed under reduced
pressure. The crude was then purified by chromatography on SiO 2 (EP/EtOAc 8:2) to give the

desired product as pale-yellow oil (second fraction).

| IH-NMR, (CDClIs KY Y w, ' & A wmy A 8295 aH), 1n.026 7.89 (n, 2H), 7.4%
7.39 (m, 2H), 7.36¢ 7.34 (m, 1H), 6.86t 6.85(m, 1H), 6.44¢ 6.42 (m, 1H), 3.05 (s, 6H).
3C-NMR (CDCls, 100 MHz) oy A wix x QOw & whk A 8 UNOwhk k 8 Y WO wWHhKN
105.41, 105.00, 103.76, 39.26. Y = 0.351 g, 1.77 m(@8s.

Dichlorobridged Ir(lll)  dimers [Irf(C*N) 2-4-Cl]2 were obtained accading to the Nonoyama

protocol. 23]

(bpy -(NMe 2)2) and (bpy-(pyr)2) were obtained by slight modifications on a previously reported

procedure.21

/ \N (bpy -(NMe 2)2) H-NMR (400 MHz, CDCls) () ppm = 8.29 (d, Ji+ =

——N e
W 5.9 Hz, 2H), 7.67 (d,di+ = 2.7 Hz, 2H), 6.51 (dd,dw+ = 5.9, 2.7 Hz,
./ \_7/ 2H), 3.09 (s, 12H)C-NMR (100 MHz, CDCls) (¥) ppm = 157.01,

155.39, 149.13, 106.54, 104.26, 39.48.0.150 g, 0.62 mmo(58%).
O Q (bpy -(pyr) 2) tH-NMR (400 MHz, CDCls) (%) ppm = 8.26 (d,J+-+ = 5.9
N N Hz, 2H), 7.52 (d, 31 = 2.79 Hz, 2H), 6.38 6.36 (m, 2H), 3.44 3.40
7\ (M, 8H, pyroicine ), 2.04+ 2.01 (M, 8H, pyoicine ). 3C-NMR (100 MHz,
-~ N CDCls) () ppm = 152.67, 148.80, 136.01, 106.66, 104.44, 47.15, 25.36.
Y=0.162g, 0.55mmol (8%%%).
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Synthesis of [Ir(C"N) 2(N~N)] + -type complexes

In a 100 mL flask, [Ir(C*N)2Cl]2 (1 eq., 0.1 g) and (bpy(NMe2)2) or (bpy-(pyr)2) (2.5 eq.) were
dissolved in 15 mL CH:CI2/CH3OH 3:1 mixture and stirred at room temperature for 8h . Anion
metathesis was carried out by adding an excess of NHiPFs or TBABT to the solution and stirring for
2 h. The product was then extracted against H:O (3 x 10 mL) and the organic components were
combined and dried over anhydrous MgSO . Subsequent purification by column chromatography
on Alz20s (gradient: CH:Clz then CH:Cl2/Methanol 40:1) yielded the desired product as second
fraction. The synthesis of 1[BF4 was accomplished by following the same procedure as before
except of anion metathesis, that was @rried out by adding a slight excess of AgBF: (1.1 eq.) to the
solution protected from light. After 4 hours, the crude was filtered through a celite pad to remove

the precipitated AgCI.

[Ir(ppy) 2(bpy-(NMe 2)2)][PFs] bright yellow solid, 0.145 g, 0.163 mmol (55%). ESI-MS (m/z),
CHsCN: [M] *= 743, [M} = 145.2H-NMR , 400 MHz, Acetone-dé () ppm = 8.19¢ 8.18 (d,Ji+ = 6.4
Hz, 2H), 7.93¢ 7.88 (m, 4H), 7.85 7.83 (d,J++ = 8.79 Hz, 2H), 7.7@ 7.75 (d,J:-n = 2.79 Hz, 2H), 7.45
t 7.43 (d, 3+ = 6.39 Hz, 2H) 7.22¢ 7.17 (m, 2H), 6.9% 6.95 (m, 2H), 6.8% 6.81 (m, 2H), 6.73t 6.70
(m, 2H), 6.364 6.34 (d,Ji+ = 7.99 Hz, 2H), 3.18 (s, 12H)}3C-NMR 100 MHz, Acetone-d¢ () ppm =
169.27, 157.08, 156.08, 183, 149.80, 149.64, 145.25, 138.96, 132.78, 1311a8,71, 124.11, 122.65,
120.48, 110.41, 106.71, 39.75.

[Ir(ppy) 2(bpy-(NMe 2)2)][BF4] bright yellow solid, 0.067 g, 0.081 mmol (58%). ESI-MS (m/z),
CH3sCN: [M] *= 743, [M} = 87.1H-NMR , 400 MHz, DMSO-d¢ () ppm = 8.22¢ 8.21 (m, 2H), 7.92
7.86 (M, 4H), 769 (s, 4H), 7.28 7.20 (m, 4H), 6.9% 6.95 (m, 2H), 6.85 6.84 (m, 2H), 6.78 6.77 (m,
2H), 6.214 6.20 (m, 2H), 3.13 (s, 12H)13C-NMR , 100 MHz, DMSO-d¢ (%) ppm = 167.75, 155.79,
155.03, 153.29, 1481, 148.34, 138.55, 131.68, 130.36, 125.31, 12398,90, 120.11, 110.11, 106.30- N

(CHa)z signal falls within the non -deuterated residual of DMSO-d.6

[Ir(ppy) 2(bpy -(NMe 2)2)][Br] bright yellow solid, 0.061 g, 0.074 mmol (64%). ESI-MS (m/z), CH3sCN:

[M] += 743, [M} = 79, 81H-NMR , 400 MHz, DMSO-d¢ () ppm = 8.21 (d,J-+ = 7.99 Hz, 2H), 7.9G

7.83 (m, 4H), 7.68 7.66 (m, 4H), 7.24 7.17 (m, 4H), 6.95 6.91 (m, 2H), 6.83t 6.79 (m, 2H), 6.76

6.74 (m, 2H), 6.19% 6.17 (m, 2H), 3.12 (s, 12H)*C-NMR 150 MHz, DMSO-d° () ppm = 167.77,
155.82, 155.06153.32, 148.73, 148.36, 144.46, 138.58, 131.71, 130.39, 125.34, 123.97, 121.95, 120.14,
110.13, 106.35. NCH3)z signal falls within the non -deuterated residual of DMSO -d.6
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[Ir(2Me -40Me -ppy) 2(bpy -(NMe 2)2)][PFe] bright yellow solid, 0.097 g, 0.099 mmol (80.5%). ESI-MS
(m/z), CHsCN: [M] *= 831, [M} = 145.1H-NMR , 400 MHz, Acetone-d° (%) ppm = 8.21% 8.19 (d, -+ =
8.4Hz, 2H), 7.91¢ 7.85 (m, 4H), 7.76 7.75 (d,Js-n = 2.8Hz, 2H), 7.43+ 7.41 (d,J-+ = 6.8 Hz, 2H), 7.09

t 7.06 (M, 2H), 6.74 6.72 (M, 2H), 6.42 6.41 (m, 2H), 5.65 5.62 (M, 2H), 3.51 (s, 6H), 3.19 (s, 12H),
2.73 (s 6H). 3C-NMR 100 MHz, Acetone-d® (¥) ppm = 169.21, 160.89, 158.69, 156.91, 156.06, 150.09,
149.59, 139.39, 138.36, 136.44, 123.25, 122.13, 115.57, 112.55, 110.39, 106.65, 54.78, 39.74, 24.34.

[Ir(2Me -40Me -ppy) 2(bpy -(NMe 2)2)][Br] bright yellow solid , 0.070 g, 0.077 mmol (966). ESI-MS

(m/z), CHsCN: [M] += 831, [M} = 79, 81H-NMR , 400 MHz, DMSO-ds (%) ppm = 8.06¢ 8.05 (m, 2H),

7.80% 7.79 (m, 2H), 7.65 7.63 (m, 4H), 7.17 7.15 (m, 2H), 7.06t 7.04 (m, 2H), 6.75 6.74 (m, 2H),

6.37¢ 6.36 (M, 2H), 5.8 ¢ 5.38 (m, 2H), 3.43 (s, 6H), 3.08 (s, 12H), 2.63 (s, 6HIC-NMR 150 MHz,
DMSO-d¢ () ppm = 167.56, 159.49, 157.91, 155.61, 155.02, 149.99, 148.23, 138.65, 138.03, 135.60,
122.61, 121.00, 114.85, 111.39, 110.15, 106.28, 54.57, 24 3CHN). signal falls within the non -
deuterated residual of DMSO-d.6

[Ir(4OMe -ppy) 2(bpy -(NMe 2)2)][PFs] bright yellow solid, 0.074 g, 0.078 mmol (93%)ESI-MS (m/z),
CH3CN: [M] += 803, [M} = 145.1H-NMR , 400 MHz, Acetone-d¢ (%) ppm = 8.064 8.03 (m, 2H), 7.87%
7.75 (m, 8H), 7.5% 7.49 (d, i+ = 7.9 Hz, 2H), 7.11 7.07 (m, 2H), 6.75 6.73 (m, 2H), 6.60t 6.57 (m,
2H), 5.84 (m, 2H), 3.56 (s, 6H), 3.19 (s, 12H})C-NMR 100 MHz, Acetone-d¢ () ppm = 169.89,
162.98, 157.86, 156.91, 150.54, 150.30, 139.51, 138.86, 128.3%521420.47, 118.68, 111.22, 108.69,
107.46, 55.78, 40.55.

[Ir(40Me -ppy) 2(bpy -(NMe 2)2)][Br] bright yellow solid, 0.063 g, 0.071 mmol (84%). ESI-MS (m/z),
CH3CN: [M] *= 803,[M] - = 79, 81:H-NMR , 400 MHz, DMSO-d¢ () ppm = 8.04¢ 8.03 (m, 2H), 7.7%

7.78 (m, 4H), 7.65¢% 7.64 (m, 2H), 7.55 7.54 (m, 2H), 7.25 7.24 (m, 2H), 7.0% 7.04 (m, 2H), 6.75
6.74 (m, 2H), 6.54 6.52 (m, 2H), 5.5% 5.58 (m, 2H), 3.47 (s, 6H), 3.08 (s, 12HEC-NMR 150 MHz,
DMSO-dé (1) ppm = 167.53, 160.80, 155.76, 155.46,51®, 148.28, 137.32, 126.99, 122.56, 119.29,
117.04, 110.13, 106.87, 106.28, 54.77-(@®Hs)2 signal falls within the non -deuterated residual of
DMSO-d.6

[Ir(3CFs-ppy) 2(bpy -(NMe 2)2)][PFs] bright yellow solid, 0.072 g, 0.079 mmol (93%). ESI-MS (m/z),
CH3CN: [M]*= 879, [M} = 145.H-NMR , 400 MHz, Acetone-d® (%) ppm = 8.49¢ 8.46 (m, 2H), 8.18 (s,
2H), 8.08¢ 8.04 (m, 2H), 8.00t 7.98 (m, 2H), 7.7% 7.78 (d, -+ = 2.4 Hz, 2H), 7.42 7.41(m, 2H),
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7.384 7.34 (m, 2H), 7.15 7.13 (m, 2H), 6.76t 6.74 (m, 2H), 6.56t 6.54 (M, 2H), 3.20 (s, 12H):C-

NMR 100 MHz, Acetone-d° () ppm = 167.58, 159.66, 156.85, 156.20, 150.16, 149.52, 146.21, 139.77,
134.74 (CF), 134.65 (CB), 133.36,131.40 (CF), 131.37 (CB), 130.23 (CF), 129.08 (CE), 128.98 (CB),
127.53 (CE), 126.97, 126.94, 126.90, 126.86, 125.43, 124GR:)( 124.84 (CE), 124.63 (CE), 121.90,
121.47, 110.59, 106.86, 39.74BH ).

[Ir(ppy) 2(bpy-(pyr)2)][Br] bright yellow solid, 0.075 g, 0.086 mmol (92%). ESI-MS (m/z), CH3sCN:

[M] += 795, [M} = 79, 81'H-NMR , 600 MHz, DMSO-d° () ppm = 8.23¢ 8.21 (m,2H), 7.92¢ 7.86 (m,
4H), 7.724 7.70 (m, 2H), 7.56t 7.55 (m, 2H), 7.23t 7.19 (m, 4H), 6.97-6.94 (m, 2H),6.85¢ 6.82 (m,
2H), 6.64% 6.61 (m, 2H), 6.22 6.20 (m, 2H), 3.51¢ 3.27 (s, br, HO-DMSO-ds+ 8H pyrrolidine), 1.98

(m, br, 8H pyrrolidine). 3C-NMR 150 MHz, DMSO-d® () ppm = 167.76, 155.71, 153.42, 152.25
(pyrrolidine), 148.69 (pyrrolidine), 148.20, 144.46, 138.52, 131.73, 130.36, 125.33, 123.93, 121.87,
120.11, 110.52, 106.79 (pyrrolidine), 48.08 (pyrrolidine), 25.19 (pyrrolidine).

[Ir(2Me -40Me -ppy) 2(bpy -(pyr) 2)][Br] bright yellow solid, 0.085 g, 0.088 mmol (89 %). ESI-MS
(m/z), CHsCN: [M+H] +=884, [M] = 79, 811 H-NMR , 400 MHz, Acetone-d° (%) ppm = 8.21¢ 8.19 (m,
2H), 7.94¢ 7.92 (m, 2H), 7.8# 7.85 (m, 2H), 7.80t 7.79 (m, 2H), 7.11¢ 7.07 (m, 2H), 6.56- 6-54 (m,

2H), 6.42¢ 6.41 (m, 2H), 3.51 (s, br, 8H, pyrrolidine), 2,79 (s, 6H;OCH3), 2.73 (s, 6H,-CH3), 2.064

2.03 (Acetoned® + 8H pyrrolidine). 13C-NMR 150 MHz, DMSO-d¢é () ppm = 167.58, 159.51, 158.03,
155.54, 152.24, 148.99, 148.13, 138.66, 138.01,6835.22.60, 121.99, 114.93, 111.36, 110.58, 106.69,
54.59 (OCHys), 48.00 pyrrolidine), 25.18 (pyrrolidine), 24.17 (-CHas).

[Ir(40OMe -ppy) 2(bpy -(pyr) 2)][Br] bright yellow solid, 0.082 g, 0.088 mmol (94%). ESI-MS (m/z),
CH3CN: [M] *= 855, [M} = 79, 812H-NMR, 600 MHz, DMSO-d¢ (1) ppm = 8.09¢ 8.07 (m, 2H), 7.84

7.82 (m,2H), 7.62¢ 7.61 (m, 2H), 7.56t 7.55 (m, 2H), 7.2# 7.26 (m, 2H), 7.114 7.09 (m, 2H), 6.65

6.64 (m, 2H), 6.5% 6.57 (m, 2H), 5.65 5.64 (m, 2H), 3.52 (s, br, 6HOCH?3), 3.32 (s, br, HO DMSO-

ds + 8H pyrrolidine), 1.98 (s, br, 8H pyrrolidine). $3C-NM R 150 MHz, DMSO-d® (%) ppm = 167.55,
160.81, 155.68, 155.58, 152.24 (pyrrolidine), 148.39 (pyrrolidine), 148.28, 138.26, 137.35, 127.00,
122.55, 119.29, 117.10, 110.55, 106.84 (pyrrolidine), 106.70 (pyrrolidpe54.79 ¢(OCHs), 48.02
(pyrrolidine), 40.53, 25.18 (pyrrolidine).

[Ir(ppy -NMe 2)2(bpy -(NMe 2)2)][Br] bright yellow solid, 0.045 g, 0.049 mmol (77%). ESI-MS (m/z),

CHsCN: [M+H] *= 830, [M+K} = 865, [M] = 79, 81.:H-NMR , 600 MHz, DMSO-d¢ (%) ppm = 7.814

7.79 (m, 2H), 7.66t 7.65 (m, 2H), 7.2% 7.28 (m, 2H), 7.22 7.21 (m, 2H), 7.0% 7.08 (m, 2H), 6.8%

6.85 (M, 2H), 6.7% 6.74 (m, 4H), 6.47 6.45 (m, 2H), 6.35 6.33 (m, 2H), 3.13 (s, 12H, bpy), 3.08 (s,
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12H, ppy). BC-NMR 150 MHz, DM SO-d¢ () ppm = 166.33, 156.02, 154.83, 154.73, 153.77, 148.32,
145.74, 132.31, 129.82, 124.40, 121.01, 109.82, 106.74, 106:08HH: signals from (ppy -(NMe2))
and (bpy-(NMe2)2) falls within the non -deuterated residual of DMSO-d.¢

[Ir(ppy -NMe 2)2(bpy -(pyr) 2)][Br] bright yellow solid, 0.057 g, 0.059 mmol (93%). ESI-MS (m/z),
CH3:CN: [M+H] *= 882, [M+K} = 917, [M} = 79, 81:H-NMR , 600 MHz, DMSO-d¢ (1) ppm = 7.804
7.79 (m, 2H), 7.53 (m, 2H), 7.26 7.25 (m, 2H), 7.22 (m, 2H), 7.1% 7.10 (m, 2H),6.87¢ 6.85 (m, 2H),
6.78% 6.75 (m, 2H), 6.59 6.58 (m, 2H), 6.47¢ 6.45 (m, 2H), 6.35t 6.34 (m, 2H), 3.37 (s, br, HO
DMSO-d¢ + 8H pyrrolidine), 3.08 (s, 12H, ppy), 1.98 (s, br, 8H pyrrolidine). *C-NMR 150 MHz,
DMSO-d¢ () ppm = 166.33, 155.93, 154.72, 153.89, 152.03, 148.15, 147.26, 145.76, 132.35, 129.26,
124.40, 120.96, 110.17, 106.71, 106.49, 101.55, 47.95, 254GHN): signal of (ppy-(NMe?2)) falls

within the non -deuterated residual of DMSO-d.6
Synthesis of [Ir(C”N) 2(bpy)][Br] -type complexes

In a 100 mL flask, [Ir(C*N)2Cl]> (1 eq., 0.1 g) and (bpy) (2.5 eq.) were dissolved in 15 mL
CH2CI2/CHs0OH 3:1 mixture and stirred at room temperature for 8h. Anion metathesis was carried
out by adding an excess of TBABr to the solution and stirring for 2h. The product was then
extracted using H20 (3 x 10 mL) and the organic components were combined and dried over
anhydrous MgSOas. Subsequent purification by column chromatography on Al 203 (gradient:

CH2Cl2then CH2Cl/CH30OH 40:1) yielded the desired product as second fraction.

[Ir(ppy) 2(bpy)][Br] bright yellow solid, 0.060 g, 0.081 mmol (87%). ESI-MS (m/z), CHsCN: [M] *=

657, [M]- =79, 81.:H-NMR , 400 MHz, DMSO-d¢ () ppm = 8.85¢ 8.84 (m, 2H), 8.23 8.21 (m, 4H),

7.90% 7.86 (m, 4H), 7.82 7.81 (m, 2H), 7.66t 7.63 (m, 2H), 7.5% 7.56 (m, 2H), 7.12 7.09 (m, 2H),

6.98% 6.95 (M, 2H), 6.8% 6.84 (m, 2H), 6.14 6.13 (M, 2H).13C-NMR 150 MHz, DMSO-d¢ (1) ppm =

167.23, 155.79, 150.87, 150.25, 149.29, 144.22, 140.10, 139.21, 131.49, 130.67, 129.12, 125.51, 125.46,
124.36, 122.70, 120.49.

[Ir(2Me -40Me -ppy) 2(bpy)][Br] bright yellow solid, 0.061 g, 0.074 mmol (92%). ESI-MS (m/z),
CH3CN: [M] *= 745, [M} =79, 811H-NM R, 400 MHz, DMSO-df () ppm = 8.84% 8.82 (m, 2H), 8.22

8.19 (m, 2H), 8.09 8.08 (m, 2H), 7.84t 7.81 (m, 2H), 7.7% 7.78 (m, 2H), 7.66t 7.64 (m, 2H), 7.56t

7.55 (m, 2H), 7.014 6.98 (m, 2H), 6.49% 6.43 (m, 2H), 5.37 5.36 (M, 2H), 346 (s, 6H), 2.65 (s, 6H).
13C-NMR 150 MHz, DMSO-d¢ () ppm = 167.11, 159.56, 155.59, 155.41, 150.14, 149.70, 139.98, 138.99,
138.69, 135.33, 129.11, 125.39, 124.62, 122.94, 122.42, 114.83, 112.05, 54.66, 24.13.
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X-Ray Crystallography

Table 6.3. Crystal data and measurement details for [1][BF4]-solv and [2][PFs]-CH2Cl..

[1][BF4]-solv

[2][PFe]-CH2Cl 2

Formula

FW

T, K

/, A

Crystal system
Space group
a A

b, A

c, A

Cell Volume, A3
Z

DOwl ¥ EO
m mm-1

F(000)

Crystal size, mm
g limits,

Reflections collected

Independent reflections

CseH3BRIrN 6
829.70
100(2)

0.71073
Monoclinic
P2.J/c
15.3253(5)
16.2114(5)
15.8400(5)
90
105.9080(10)
90
3784.6(2)
4
1.456
3.579
1640
0.160.12£0.12
1.83426.000
71196

7440 R = 0.0702]
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Ca1H 44Cl2FelrN 602P
1060.89
100(2)
0.71073

Triclinic
P1
8.5899(4)
14.3850(8)
17.2373(9)
71.361(2)
84.697(2)

88.999(2)

2009.42(18)

1.753
3.569
1056
0.160.140.11
1.49427.00
41035

8755 Rint = 0.0987]



Data / restraints /parameters
Goodness on fit on P

Ri(l g wib o

WR: (all data)

Largest diff. peak and hole, e A3

7440/75/433

1.115

0.0407

0.0972

1.903 /¢1.717

8755/ 110/ 547

1.104

0.0339

0.0804

1.853 /41.022
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General Procedure for the photopolymerization of MMA

All the polymerization tests were conducted following a slightly modified procedure by Fors et

al.

DMF (anhydrous, 99.8%) was thoroughly degassed with several pump thaw cycles until no further
gas evolution was observed; MMA was distilled before use. EBPA was stored in the dark under an
argon atmosphere once opened.A two neck 5 mL flask under argon atmosphere was charged with
MMA (0.4 mL, 3.75 mmol), Ir catalyst (0.01-0.02 mol%), DMF (1.4 mL) and 0.004 equivalent of
EBPA. The reaction was stirred within a crystallization dish ( Figure 69.3 equipped with an
adhered 5-meter LED strip/with two CFL Households lamps 6500K, 12 W, Osram. The MMA
conversion was measured by 'H-NMR in CDCI s by integration of the -OCHssinglet (3.71 ppm) of
MMA vs -OCHs backbone (3.56 ppm) of PMMA. Number average molecular weights (Mn) and
PDI of the samples were determined by GPC.

T T
Emission Intensity (a.u.)

Wavelength (nm) a)

Figure 23.3. (sx) Emission profile of the led strip used as lig ht source, 1 exc = 370 nm. (dx): photoreactor setup:
a) crystallization dish (136 x 70 mm) equipped with an adhered 5 meter LED strip and a fan, b) box covered in

aluminum foil equipped with CFL Households lamps (6500K, 12 W, Osram) and a fan.
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Synthesis of poly(methyl methacrylate -b-hexyl methacrylate) using PMMA as macroinitiator
First step

A two neck 5 mL flask under argon atmosphere was charged with MMA (2.4 mL, 22.5 mmol),

catalyst 10 [Br] (0.02 % mol), DMF (1.4 mL) and 0.004quivalent of EBPA. The reaction was stirred
for 4 hours under irradiation of two CFL Households lamps 6500K, 12 W, Osram (Figure 69.3. The
solution was added dropwise to a cold mixture of MeOH/H 20 (3:1,300 mL) leading to a white
precipitate. The solid was filtered, redissolved in the m inimum amount of CH 2Cl2 and precipitated
in a cold mixture of MeOH/H 20 (3:1, 300 mL) as a white powder 850mg). The MMA conversion

was measured by 'H-NMR in CDCI s by integration of the -OCH?s singlet (3.71 ppm) of MMA vs -
OCH3s backbone (3.56 ppm) of PMMA. Number average molecular weight (Mn) and PDI were

determined by GPC. Mn= 9800 g/mol, PDI= 1.5.

Second step

A two neck 5 mL flask under argon atmosphere was charged with HMA (0.740 mL, 3.75 mmol),
catalyst 10 [Br] (0.02 % mol) DMF (1.4 mL) and 0.004 equivdent of macroinitiator PMMA (147
mg). The reaction was stirred for 8 hours under irradiation of two CFL Households lamps 6500K,
12 W, Osram (igure 69.3. The solution was added dropwise to a cold mixture of MeOH/H 0
(10:1, 200mL) leading to a white preci pitate. The solid was filtered, redissolved in the minimum
amount of CH2Cl> and precipitated in a cold mixture of MeOH/H 0 (10:1, 200 mL) as a white
powder (177 mg). The p(MMA -b-HMA) conversion was measured by H-NMR in CDCIs by
integration of the -OCHz- triplet (4.13 ppm) of HMA vs -OCH:2- backbone (3.93 ppm) of PHMA.
Number average molecular weight (Mn) and PDI were determined by GPC. Mn=16700 g/mol,
PDI=1.3

ON/OFF contro llab ility experiment

A two neck 5 mL flask under argon atmosphere was charged with M MA (1.2 mL, 11.25 mmol),
catalyst 10 [Br] (0.02 % mol), DMF (1.4 mL) and 0.004 equivalent of EBPA. The reaction was stirred
for 7 hours, alternating dark periods of 1 hour and light exposure of 2 hours (two CFL Households
lamps 6500K, 12 W, Osram). The MMA conversion was measured by H-NMR in CDCI s by
integration of the -OCHs singlet (3.71 ppm) of MMA vs -OCHs backbone (3.56 ppm) of PMMA.

Number average molecular weights (M n) and PDI of the samples were determined by GPC.
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3.6 Supporting information

Photophysics and SternVolmer quenching studies
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Figure 24.3. Absorption and emission profile of [Ir(ppy) 2(bpy-(NMe2)2)][PFs], 298K, CHCl-.
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Figure 25.3. Emission profile of [Ir(ppy) 2(bpy-(NMe 2)2)][PFs¢], 77K, CH2Cl-.
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Figure 26.3. Absorption (sx) and emission (dx) profile of [Ir(ppy) 2(bpy-(NMe 2)2)][BF4], 298K, CH:Cl-.
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Figure 27.3. Emission profile of [Ir(ppy) 2(bpy-(NMe 2)2)][BF4], 77K, CHzCl-.

79



4<10* |-
25

™

310 -

210t [

10-%e(motdmiem’)
n
Emission Intensity (a.u.)

o
n

L 1 1 1 1 N 1 I I 1
250 300 350 400 450 500 450 500 550 800 650 700 750

Wavelength (nm) Wavelength (nm)

Figure 28.3. Absorption (sx) and emission (dx) profile of [Ir(ppy) 2(bpy-(NMe2)2)][Br], 298K, CH:Cl..
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Figure 29.3. Emission profile of [Ir(ppy) 2(bpy-(NMe 2)2)][Br], 77K, CH2Cl-.
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Figure 30.3. Stern Volmer Quenching Studies of [Ir(ppy) 2(bpy-(NMe2)2)][Br] (M = 1.22*104 in DMF) vs EBPA
(9x54L).
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Figure 31.3. Absorption (sx) and emission (dx) profile of [Ir( 2Me-40Me-ppy )2(bpy -(NMe 2)2)][PFs], 298K, CH:Cl-.
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Figure 32.3. Emission profile of [Ir( 2Me-40Me-ppy )2(bpy-(NMe 2)2)][PFe], 77K, CH2Cl.
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Figure 33.3. Absorption (sx) and emission (dx) profile of [Ir( 2Me-40Me-ppy )2(bpy-(NMe 2)2)][Br], 298K, CH:Cl-.
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Figure 34.3. Emission profile of [Ir( 2Me-40Me-ppy )2(bpy-(Nme2)2)][Br], 77K, CH2Cl2.
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Figure 35.3. Stern Volmer Quenching Studies of [Ir(2Me-40me-ppy )2(bpy-(Nme2)2)][Br] (M = 1.09*1¢* in DMF) vs
EBPA (9x%L).
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Figure 37.3. Emission profile of [Ir( 4OMe-ppy )z(bpy-(NMe2)2)][PFe], 77K, CH2zCl-.
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Figure 38.3. Absorption (sx) and emission (dx) profile of [Ir( 40Me-ppy )z(bpy-(Nme2)2)][Br], 298K, CH:Cl-.

Figure 40.3. Stern Volmer Quenching Studies of [Ir( 40me-ppy )2(bpy-(Nme2)2)][Br] (M = 1.09*104in DMF) vs EBPA

(9x54L).
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Figure 41.3. Absorption (sx) and emission (dx) profile of [Ir( 3CFs-ppy )2(bpy-(NMe 2)2)][PFe], 298K, CHzCl-.
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Figure 42.3. Emission profile of [Ir(3CF-ppy )2(bpy-(NMe2)2)][PFe], 77K, CH2zCl-.
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Figure 43.3. Absorption (sx) and emission (dx) profile of [Ir(ppy) 2(bpy-(pyr) 2)][Br], 298K, CH:Cl-.
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Figure 44.3. Emission profile of [Ir(ppy) 2(bpy-(pyr) 2)][Br], 77K, CH2Cl..
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Figure 45.3. Stern Volmer Quenching Studies of [Ir(ppy) 2(bpy-(pyr) 2)][Br] (M = 1.14*104in DMF) vs EBPA (9x54L).
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Figure 46.3. Absorption (sx) and emission (dx) p rofile of [Ir( 2Me-40Me-ppy )=(bpy-(pyr) 2)][Br], 298K, CH2:Cl-.
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Figure 47.3. Emission profile of [Ir( 2Me-40Me-ppy )2(bpy-(pyr) 2)][Br], 77K, CH2Cl-.
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Figure 48.3. Stern Volmer Quenching Studies of [Ir(2Me-40Me-ppy )=(bpy-(pyr) 2)][Br] (M = 1.04*104 in DMF) vs

EBPA (9x5L).
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Figure 49.3. Absorption (sx) and emission (dx) profile of [Ir( 40Me-ppy )2(bpy-(pyr) 2)][Br], 298K, CH2Cl-.
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Figure 50.3. Emission profile of [Ir( 40Me-ppy )2(bpy-(pyr) 2)][Br], 77K, CH2Cl=.
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Figure 51.3. Stern Volmer Quenching Studies of [Ir(40Me-ppy )2(bpy-(pyr) 2)][Br] (M = 1.07*104 in DMF) vs EBPA
(9x54L).
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Figure 52.3. Absorption (sx) and emission (dx) profile of [Ir(ppy -NMe 2)2(bpy-(NMe 2)2)][Br], 298K, CH2Cl-.
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Figure 53.3. Emission profile of [Ir(ppy -NMe2)2(bpy-(NMe2)2)][Br], 77K, CH2Cl-.
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Figure 54.3. Stern Volmer Quenching Studies of [Ir(ppy -NMe2)2(bpy -(NMe2)2)][Br] (M = 1.10*10-4 in DMF) vs
$!/ WPNRKSL+ KB w
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Figure 55.3. Absorption (sx) and emission (dx) profile of [Ir(ppy -NMe 2)2(bpy-(pyr) 2)][Br], 298K, CH2Clo.
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Figure 56.3. Emission profile of [Ir(ppy -NMe2)z(bpy-(pyr) 2)][Br], 77K, CH2Cl-.
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Figure 57.3. Stern Volmer Quenching Studies of [Ir(ppy -NMe 2)2(bpy -(pyr) 2)][Br] (M = 1.04*10% in DMF) vs EBPA

(9x54L).
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Figure 583. Absorption (sx) and emission (dx) profile of [Ir( ppy )z(bpy)][Br], 298K, CH :Cl-.
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Figure 59.3. Emission profile of [Ir( ppy )2(bpy)][Br], 77K, CH 2Cl-.
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Figure 60.3. Absorption (sx) and emission (dx) profile of [Ir( 2Me-40Me-ppy )2(bpy)][Br], 298K, CH :Cl..
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Figure 61.3. Emission profile of [Ir( 2Me-40Me-ppy )2(bpy)][Br], 77K, CH 2Cl-.
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TD-DFT calculations
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Figure 62.3. Energy levels of the KS orbitals for all the Ir synthesized family compared to the standard Ir(ppy) s

computed in ACN.
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Photopolymerization

First-order kinetic pl ots, Mn and PDI versus conversion
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Figure 63.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of Entry 1 (1[PFs] 0.01% mol, LED).

16000 5,0
® Mn
e PDI L
14000 45
k4,0
12000
L35
~ 10000 -
= 3,0
<] ° ° )
E ~ °
S 8000+ L4 2,5
=
= 6000 . [20
° e k15
4000
k1,0
2000 Los
0 T T T T T T 0,0
5 10 15 20 25 30 35 40 45

Conversion (%)

PDI

Ln (MO/M)

0,6

0,5

k=)
S
1

o
w
1

o
]
1

0,14

0,0 T T

Figure 64.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of Entry 2 (1[BF+] 0.01%mol, LED).
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Figure 65.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of
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Entry 3 (1[Br] 0.01% mol, LED).
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Figure 66.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of Entry 4 (1[Br] 0.01% mol, CFL).
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Figure 67.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of Entry 5 (1[Br] 0.0125% mol, CFL.
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Figure 68.3. (sx) Mn and PDI versus conversion (dx) First-order kinetic plot of Entry 6 (1[PFs] 0.015% mol, LED.


















































































































































































































































































































