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Preface

The successful realization of a photoredox catalyst plays an important role in the
development of photocatalytic transformations. Design a photocatalyst give the
chance to achieve different redox potential of the excited state and therefore to
activate different substrates. In addition to this, one of the challenges of catalysis
is to have a catalyst in the reaction system that can be easily recovered. Taking
into consideration these two important concepts, the aim of the project is the
synthesis and characterization of supported redox photocatalysts.

Within the scenario of TADF photocatalysts, organic molecules with thermally
activated delayed fluorescence, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN) stands out as one of the most relevant ones. The
latter, is composed of an acceptor core, dicyanobenzene, and donor groups,
carbazoles. Considering that the photoredox properties of these molecules can
be easily modified by the incorporation of different substituents in the donors, we
decided to prepare a family of TADF molecules presenting carbazoles and
diphenylamine with electron withdrawing group (Bromine) or electron donating
group (Methoxy).

Looking at the goal of having a photocatalyst that is easy to remove from the
reaction mixture, a strategy was developed in which the latter is supported in a
polymeric system. The photocatalyst was functionalized with a chain of glycols
having a methacrylic function at the end capable of polymerizing. By carrying out
a controlled radical polymerization, in particular an atom transfer radical
polymerization (ATRP) in the presence of poly (ethylene glycol) methyl ether
methacrylate p(OEGMA) as a copolymer, the final p(OEGMA-co-3(“Donor-
Group”)IPN-MA) is easily obtained.

Finally, is demonstrated that the photocatalyst-functionalized can be efficient in
photocatalyzed reaction by irradiating with blue light (Amax= 427 nm), as all
photocatalysts absorb at this wavelength and therefore a direct comparison is
possible. In the path that involves a reductive quenching for the photocatalyst, a
radical addition of the Giese type, a radical decarboxylation with the addition of a



Michael acceptor, and a Povarov type cyclization were tested. Reaction yields
are directly proportional to the excited state potentials of catalysts. Regarding the
pathway involving oxidative quenching of the photocatalyst, a dehalogenation of
a benzylhalide was tested. Again, the reaction yields reflect the reducing capacity

of the catalyst.



Prefazione

La realizzazione di catalizzatori fotoredox gioca un ruolo importante nello
sviluppo di trasformazioni fotocatalitiche. La progettazione di un fotocatalizzatore
da la possibilita di ottenere potenziali redox dello stato eccitato variabili e quindi
di attivare diversi substrati. Oltre a questo, una delle sfide della catalisi € quella
di avere un catalizzatore che possa essere facilmente recuperato dal sistema di
reazione. Considerando questi due importanti concetti, I'obiettivo del progetto e
la sintesi e la caratterizzazione di catalizzatori fotoredox supportati.

Nell'ambito dei fotocatalizzatori TADF, molecole organiche con fluorescenza
ritardata  attivata  termicamente, '1,2,3,5-tetrakis  (carbazol-9-il)-4,6-
dicianobenzene (4CzIPN) si distingue come uno dei piu rilevanti. Quest’ultimo &
composto da un nucleo accettore, il dicianobenzene, e da gruppi donatori, i
carbazoli. Considerando che le proprieta fotoredox di queste molecole possono
essere facilmente modulate inserendo gruppi donatori diversamente sostituiti, si
sintetizza una famiglia di molecole TADF che presentino carbazoli e
difenilammine para-sostituiti con gruppo elettron-attrattori (bromo) ed elettron-

donatori (metossi).

Guardando all'obiettivo di avere un fotocatalizzatore facile da rimuovere, é stata
sviluppata una strategia in cui esso & supportato in un sistema polimerico. I
fotocatalizzatore, infatti, € stato funzionalizzato con una catena di glicole avente
all'estremita una funzione metacrilica in grado di polimerizzare. Attraverso
polimerizzazione radicalica controllata, in particolare activator regenerated by
electron transfer atom transfer radical polymerization (ARGET ATRP) in presenza
di poli(metacrilato) come copolimero, si ottiene facilmente il p(OEGMA-co-
3("Donor-Group")IPN-MA).

Infine, € dimostrato che i fotocatalizzatori ottenuti possono essere efficienti in
reazioni che necessitano mediatori fotoattivi, irradiando con luce blu (Amax= 427
nm), dal momento che tutti i fotocatalizzatori assorbono a questa lunghezza
d'onda ed € quindi possibile un confronto diretto. Nel ciclo catalitico che prevede
un quenching riduttivo per il fotocatalizzatore, sono state testate un'addizione



radicalica di tipo Giese, una decarbossilazione radicalica con I'addizione di un
accettore di Michael, e una ciclizzazione di tipo Povarov. Le rese di reazione sono
direttamente proporzionali ai potenziali redox di stato eccitato dei catalizzatori.
Per quanto riguarda il quenching ossidativo del fotocatalizzatore, & stata testata
una dealogenazione di un benzilalogenuro. Anche in questo caso, le rese della

reazione riflettono la capacita riducente del catalizzatore.



1. Introduction

1.1. Photochemistry

“The field of photochemistry concerns chemical reactions promoted by the
absorption of light”. In photochemistry, light is uses as a partner of reaction as it
drives chemical transformation. In photocatalysis, a new reaction pathway is
defined?, running through reactive intermediates that cannot be achieved by

thermal conditions.3*

Between 1908 and 1912, Giacomo Ciamician, after conducting several
experiments, demonstrated the power of light to drive chemical reactions, with
his important work "The Photochemistry of the Future"®. He established that a lot
of light-induced reactions studied by himself were initiated by light energy
excluding the thermal one®. High-energy intermediates that are not thermally
accessible can be achieved and high energy barriers can be overcome in a short

time and under mild reaction conditions through photochemical steps’-°.

At the basis of a photochemical reaction, a substrate (a reactant or a
photocatalyst) must be able to absorb a radiation that generally must have
sufficient energy to allow the promotion of an electron to an excited state '°. When
a molecule that is in the ground state So, absorbs a photon, reaches an excited
singlet states Sn. The primary process that can generally occur is the internal
conversion (IC) to the lowest vibrational state S1, according to Kasha'’s rule,

considering the relaxation to Sp will always start from this lower vibrational level."
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Figure 1. Jablonski diagram.



At this point, the molecule can go back to the ground state through different

pathways, as shown Figure 1.

Relaxation from the excited state S4 to the ground state Sy is possible through
non-radiative decay (internal conversion, IC) or by radiative decay
(Fluorescence). There is also the possibility that the excited state S1 will undergo
inter system crossing (ISC) and lead to the lower excited triplet state T+. In this
case, relaxation to the So state occurs by inter system crossing (ISC), or by
radiative decay (Phosphorescence). Since this process is spin forbidden

transition, it occurs when spin-orbit coupling (SOC) happens'? and,
consequentially, the total spin angular momentum S changing is compensated by

a total orbital angular momentum L changing.

Photochemistry can be divided into two main fields: direct photochemistry and
photocatalysis. In direct photochemistry one of the reactants absorbs light and
consequently it is directly excited.”®' In contrast, in photocatalysis when
reagents cannot directly absorb light, a photocatalyst serves as an essential
intermediary.

1.1.1 Direct photochemistry

In direct photochemistry, light is absorbed directly by the molecule, which must
possess either chromophore groups or ester or ketone functional groups capable
of absorbing light'®. Since these groups absorb in the UV medium (1<300 nm),
the radiation used is highly energetic and dangerous'®. Despite this, direct
photochemistry has set milestones in the synthesis of thermally inaccessible
scaffolds.

The earliest examples of photochemical transformations involved the direct
irradiation of substrates such as the syn—antiisomerization of oximes reported by
Ciamician and Silber (Scheme 1)8.
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Scheme 1. Photoinduced syn-anti isomerization of oximes.

Another important contribution at the beginning of direct photochemistry is from
the Italian chemist Emanuele Paterno and the Swiss chemist George Buchi with
the Paterno-Blichi reaction'”. This reaction, is a [2+2]-photocycloaddition
between an alkene (4) and the excited state of a carbonyl compound (3) to give
the corresponding oxetane 5 (Scheme 2). Mechanistic studies of the reaction
have revealed that the radiation is absorbed by the benzophenone carbonyl,
forming either a singlet or a triplet state.

This reaction was firstly reported in 1909, but it is still used nowadays.'®
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Scheme 2. Paterno- Blichi reaction mechanism.

1.1.2 Photocatalysis

In photocatalysis, radiation of the appropriate wavelength is absorbed by a
mediator, the photocatalyst, which reaches the excited state. From here, a
transfer of energy or photons to one of the reaction partners can take place,
through potential curves that are inaccessible by thermal means'®.

The field of photocatalysis saw an important development in the early 2000s with
the works of MacMillan, Yoon and Stephenson who illustrated how photoactive

organometallic compounds were able to catalyze organic reactions.?0-23

At the beginning catalysts were mainly metal-based exploiting Ruthenium, Iridium
and other rare earths metals which have proven to be suitable photocatalysts for
a lot of transformations.?* Despite the countless advantages, the interest of
scientific research has shifted towards the design of organic-based photoactive



compounds, looking at a more sustainable chemistry, equally electronically
modulable and cheaper?s. In fact, organic-based photocatalysts offer greater
chemical tunability. Their structures can be easily modified to adjust properties
like light absorption, redox potential, and solubility, allowing for precise control

over catalytic activity.

Metal-based and organic-based catalysts can also differ from each other by the
“type of excited state” that can be charge transfer (CT) and locally excited (LE).
In the CT mechanism the electron density is displaced from one part of the
molecule (donor moiety) to another (acceptor moiety) and it is the typical excited
state of metal-based photocatalysts. Purely organic compounds undergo both
mechanisms, where in the LE the electron density is retained in the same area of
the molecule during the transition mT—1r* (better orbital overlapping).?® LE states
are typically shorter-lived than CT states according to Fermi's golden rule %’
stating that the transition’s rate depends upon the strength of the coupling
between the initial and final state and upon the density of the final states of the

system. Specifically, the relaxation rate is given by the following formula:
21 R i
Wy = s | {f | Hpne 1'0) 1 p(Ef)
Where:

e his the reduced Planck constant,

e fand iare the wavefunctions of the initial and final sates,

e H,,, is the interaction Hamiltonian responsible for the transition,

e | (f|H;, |i)| is the matrix element representing the overlap between the
initial and final states,

e p(Ef) is the density of final states available at energy E:.

Since in LE states the excitation is localized within a specific part of the molecule,
the matrix element tends to be large (the transition involves a localized change)
making it easier for the molecule to relax back to the ground state. In CT states,
the excitation involves a significant separation of charge, where an electron is
transferred from one part of the molecule to another, making the matrix element

10



smaller. It results in a longer lifetime of the CT excited state since its decay turns

out to be slower.

A photocatalyzed reaction can undergo different pathway: hydrogen atom

transfer (HAT) or halogen-atom transfer (XAT), energy transfer (EnT), electron

transfer (ET) and proton-coupled electron transfer (PCET). 28

¢

In the HAT process the activation of the substate pass through the transfer
of a hydrogen atom H'. The excited PC* abstracts a hydrogen atom from
the substrate and the protonated form, PC-H, can consequently donate

the H' to another substrate closing the photocatalytic cycle (Scheme 3). 2°

_H
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Scheme 3. Hydrogen atom transfer mechanism.

If the starting organic substrate is a halogenated compound (R-X) and the
interaction with the PC* brings to the cleave of the C-X bond, the process
is referred to as the halogen atom transfer (XAT) mechanism (Scheme 4).
In this mechanism, a carbon-cantered radical is formed (R°) and the
photocatalyst forms a PC-X species, which can then transfer the halogen
atom (X°) to another substrate, thereby regenerating the photocatalyst.
Halogen-atom transfer (XAT) is a fundamental step in radical reactions to
generate carbon-based radical intermediates from alkyl and

aryl halides efficiently.3°
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Scheme 4. Halogen atom transfer mechanism.

¢ The EnT generally works from the triplet excited state. Once the catalyst
reaches the excited S+ state, it undergoes ISC accessing the triplet T4 from
where it transfers energy to the substrate R that reaches its triplet excited
state (Scheme 5). This process is possible if the triplet energy of the
compound involved in the reaction is lower than T' energy of the

photocatalyst.?’

@

TPc* R

R*
PC

Scheme 5. Energy transfer mechanism.

EnT could take place in two different ways: Forster resonance energy
transfer (FRET)%? or Dexter exchange.®® FRET is a non-radiative energy
transfer process that occurs via dipole-dipole interactions between
molecules, leading to the transfer of energy from the donor's excited state
to the acceptor. 34 Dexter exchange is at the same a non-radiative process,
but in this case it involves a simultaneous intermolecular exchange of two

electrons. The excited photocatalyst donates an electron to the LUMO of

12



the substate and simultaneously the substrate donates an electron to the
HOMO of the PC. The substrate reaches the excited state while the
photocatalyst is restored to its ground state.

The ET process in most cases works directly from the excited singlet state,
but ET from triplet excited state must be not exlueded®. After excitation,
the PC is more reductant and more oxidating. Indeed, when an electron is
excited from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) brings to the formation of two single
occupied molecular orbitals (SOMOs, Figure 2). The lowest in energy is
more stabilized with respect to the HOMO of the ground state form,
resulting in a higher oxidative power of the PC*, on the contrary, the
highest SOMO is more destabilized with respect to the LUMO of the
ground state, resulting in an enhanced reductive power of the PC*.

A

—l— SOMO better reductant

LUMO

hv
E _w

HOMO ﬁ—
—4— SOMO  better oxidant

PC

Figure 2. Energy level comparison between ground state and excited state of a PC.

From this situation the compound can both donate or accept an electron
to or from an organic substrate giving access to two different pathways:
the reductive quenching and the oxidative one depending on the oxidation
state of the catalyst (Scheme 6).%¢

= In the reductive quenching, the excited photocatalyst takes one
electron from an electron rich donor (D) forming the radical anion
PC™. Afterwards, the ground state of the PC is restored thanks to

the presence of an electron poor molecule (acceptor A). In this cycle
the PC promotes the oxidation of the substrate that generally

represents the donor moiety.

13



= In the oxidative quenching, the PC* donate an electron to the
acceptor molecule (A) forming the radical cation PC**. The ground

state will be restored by a donor D. Inversely from the reductive

quenching, the PC promotes the reduction of the substrate.

Obviously, the pathway that occurs depends on the redox potentials of the
PC* and the substrate.

A D
o+ =
PC hv PC
D A
PC
D’ A

Scheme 6. Electron transfer mechanism.

¢ Finally, another mechanism that combines two of the previous ones, is the
proton-coupled electron transfer (PCET). In this type of process, the
PC* transfer both an electron and a hydrogen atom at the same time,
generating the radical species of the substrate. The oxidative and
reductive quenching pathway can be distinguished also in this case

(Scheme 7).%7

(o}
H* )?\ )LH/ base

Scheme 7. Proton-coupled electron transfer mechanism.
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Important, to determine whether PC* will react from the triplet state or the singlet
state, several factors must be considered. Firstly, for energy transfer (EnT) to
occur, the substrate must have a lower triplet energy compared to the
photocatalyst. If both mechanisms are possible, the diffusion constant (kairr) for
the formation of the encounter complex (PC* + substrate) must be considered,
as this is the first step in a photophysical process. According to the Jablonski
diagram (Figure 3), if the rate constant of the intersystem crossing process (kisc)
is lower than kaitr, the singlet state ("PC*) will form the complex. Conversely, if kisc
is higher, the triplet state (3PC*) will form the complex.

PC + sub*
PC + sub*
PC*-sub sub 31:¢ Ic E kisc
Kais R . sub ,

T 1 » SPC*-sub

' Kaise
PC*+sub-

. PC*+sub*
Sy =

Figure 3. Jablonski diagram reporting the formation of the encounter complex between the excited state of
the catalyst (PC*) and the substrate (sub).

1.1.2.1 Organic photoredox catalysts

In recent years, the development and use of purely organic photoredox catalysts
has seen a rapid increase, since they are more sustainable and easier to
design383940_After light irradiation, an organic PC is promoted to its excited state
S1, generally through a n-nt* transition. The S1 state has a duration in the order of
few ns and is usually involved in the redox event. In some cases, however, thanks
to ISC, the PC reaches a T+ state, and this is desirable due to its longer lifespan.
Organic PCs can be rationally designed precisely to work through the S1 or T4
state and this is a great strength of photoredox catalysis.

Like in the MLCT process in metal-based PCs, organic PCs access charge
transfer (CT) in the excited state when the HOMO and LUMO are spatially
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separated. This is allowed to govern electron-donating or electron-withdrawing
substituents at specific positions in the molecule. A recent classification of organic
PCs is based on their ability to activate the substrate towards both oxidation and
reduction. So, we can divide it in strongly oxidizing organic PCs, strongly reducing
and bimodal PCs, which have a balanced distribution of their redox power that
allows them to be used both oxidative and reductive®.

Organic molecules that show thermally activated delayed fluorescence (TADF),
like emitters in organic light emitting diodes (OLEDs), have found increasing use
as organic photoredox catalysts.'42 This particularly family of compound, once
exited to its S1, exhibits an improvement in the lifetime of the excited state. This
because S1 and T1 are close in energy (in these particular molecules the triplet
state is very high in energy) and so once it gets populated, the compound doesn’t
phosphoresce, because of a too big AEsoer1, but reverse intersystem crossing
(RISC) takes place. This phenomenon extends the excited state lifetime of TADF
catalysts, until to microseconds, in the best cases. These prolonged excited state
lifetimes enhance the efficiency of the photocatalysts by increasing the probability
of interactions between the excited photocatalyst (PC*) and the reactant.
AEs+T1is the parameter to control because is the one that governs the states’
mixing. Indeed, it is directly proportional to the exchange integer (J) between S+
and T1:

[ eewea (255 eavianar
Where ®(r) and ¥(r) are the wavefunctions of HOMO and LUMO orbitals. The
exchange integer depends on the overlap of the molecular frontier orbital involved
in the transition S1 — Ti. It is clear that minimising the overlap between HOMO
and LUMO we will observe a smaller J and a smaller AEs17143.

It's for this reason that the key for the strategy to have a TADF compounds lies
in creating spatially separated and electronically decoupled donor-acceptor

structures.
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The 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN)** is widely
studied in the family of TADF photocatalyst, belonging to the carbazolyl
dicyanobenzene (CDCBs), a derivative of cyanoarenes*®. The 4CzIPN (6) is
composed of an electron poor aromatic core (acceptor core) and four carbazoles
that represents the electron rich part of the molecule (donator moieties). From the
DFT calculations (Figure 4) the HOMO is clearly localized on the substituents
while the LUMO on the centre of the molecule and steric hindrance generally
intensifies this spatial separation. The same compound can act both as oxidating
and reducing agent, like a bimodal photocatalysts.*®

HOMO LUMO

Figure 4. Representation of 4CzIPN (6) on the left and its HOMO and LUMO orbitals on the
right. Represented from [44].

Higer reduction Increase reduction
potential N potential
NC CN

enhance electron 0 N N ‘ enha.nce electr.c?n
accepting capability donating capability
P a3

LUMO lowering HOMO raising
effetcs Q O effetcs

Figure 5. Correlation of redox potentials and the impact of donor/acceptor strength*C.

Considering the frontiers molecular orbitales ad spatially separated, the reduction
and oxidation power of the PC can be optimized, designing new photocatalysts.
In the ground state, emphasizing the electron donating capability of the system,
the HOMO is raised bringing to an increase in the reduction potential (E1.
(PC*/PC)). Inversely, accentuating the electron accepting ability will lower the
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LUMO giving higher oxidation potentials (E12 (PC/PC)) as reported in Figure 5
in the case of 4CzIPN*’. The excited state energy is evenly distributed between
the oxidation and reduction potentials, creating both a strong oxidant and a strong
reductant upon light irradiation.

Speckmeier et al. reported a tuning in the 4CzIPN, modifying both the acceptor
core and the donor moieties, also introducing the effect on the redox potentials
by halogens (Fluorine or Chlorine). In particular, they identified as a strong
oxidizer 3CzCIIPN, a molecule consisting of the core dicyanobenzene, a chlorine
substituent and 3 Cz units, with E12(PC*/PC*)=+1.56 V, while as a strong oxidant
3DPA2FBN, consisting of a benzonitrile core, two fluorine substituents and 3
diphenylamine, with E12(PC"*/PC*)= -1.60 V48

1.2 Controlled radical polymerization

In the last decades, big effort was spend trying to develop polymerization
processes that give access to polymers with narrow distribution of molecular
weight, i.e., low dispersity (D), where is defined “low” if is less than 1.5. This
parameter is important because it influences the interfacial properties.*® In fact,
synthetic polymers are intrinsically polydisperse, meaning that different chains
possess different lengths, and this feature is particularly evident for polymers
obtained through free radical polymerization. Indeed, polymers presenting a low

dispersity are reported to present well-defined properties.

The most common way to achieve control over the polymerization is exploiting
reversible deactivation radical polymerization (RDRP) methods®%®!. These
procedures differ from free radical polymerizations because they possess distinct
features that resemble living ionic polymerizations®?. In RDRPs, terminations of
propagating chains and other side reactions are minimized by keeping low the
concentration of radicals (typically 108-10° M) throughout the polymerization
process. Under optimized RDRP conditions, ideally all the chains are initiated at
the same time and grow uniformly. However, differently from living ionic
polymerizations, irreversible termination reactions among radicals cannot be

completely avoided. Thus, the main goal of an RDRP is to elongate the lifetime
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of radical species that, for free radical processes, is about 1 second before
termination occurs. To achieve that, RDRPs are based on an equilibrium between
propagating radicals and their corresponding dormant species. The polymer
chains remain in a dormant state for most of the polymerization process, avoiding
premature radical recombination and disproportionation. One of the most

employed RDRPs is atom transfer radical polymerization (ATRP).

1.2.1 Atom transfer radical polymerization

ATRP was incepted in 1995 thanks to the independent works of Matyjaszewski®?
and Sawamoto.%* This technique usually employs a transition metal complex as
the catalyst and an alkyl halide (R-X) as initiator. The process relies on an
activation-deactivation equilibrium between halogen-capped dormant species
and propagating radicals. The latter are generated by activation of the initiator or
dormant species by the transition metal complex (Mt"\L). The activation occurs
via the reductive cleavage of a C-X bond by the activator complex, forming a
propagating radical and the corresponding oxidized complex X-Mt"*'\L, which
then acts as deactivator. The reaction between the deactivator and the radical
species reverts them back to the dormant state. The deactivation rate constant
Kdeact is generally bigger than the activation one (kact) and this allow the ATRP
equilibrium is shifted toward dormant species. This is key for the control as the
radical’'s concentration is kept low, minimizing termination processes. The
transition metals used in ATRP are many (Fe, Cu, Mo etc.), but in most cases Cu
is the most effective®®.

In a typical ATRP, a Cu(l) complex is employed (Cu(l) /L, where L is a polydentate
amine ligand), which is responsible for the cleavage of the C-X bond forming
propagating radicals while turning into a Cu(ll) complex, namely Cu(ll)X/L that
will act as the deactivator (Scheme 8a).

However, several ATRP mechanisms have been developed with the aim of
employing a Cu(ll) complex that is reduced in situ in the polymerization mixture,
rather than a Cu(l) complex that requires strictly inert atmospheres.® Among
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these, the most common are initiators for continuous activator regeneration
(ICAR) ATRP%, supplemental activation reducing agent (SARA) ATRPS,
photochemically mediated ATRP (photoATRP),%® electrochemically mediated
ATRP (eATRP),%® and activator regenerated by electron transfer (ARGET)
ATRP.®1

In ARGET ATRP a reducing agent is responsible for the continuous regeneration
of the active oxidation state of the metal complex (Scheme 8b).

“ kact @kp

RX + MtVL —~——= x-mgtiL+ R
kdeact

Termination ¥
(strongly suppressed)

® (w)*

R-X + Mt"/L — x-mttL+ R

kdeact
Termination y
(strongly suppressed)

oxidized reducing agent
reducing agent

Scheme 8. Generalized mechanism of a) normal ATRP and b) ARGET ATRP.

In ARGET ATRP the amount of the metal catalyst needed is much lower, since
the activator is continuously reformed thanks to a reducing agent (such as Tin("
2-ethylhexanoate (Sn(EH)2), glucose, ascorbic acid, sodium ascorbate, silver
metal, etc), and the rate of polymerization can be controlled by adjusting the type
and amount of reducing agent. About the latter, an important feature to consider
in ATRP is the oxygen-sensitivity. This represents the main drawback of ATRP,
that is overcome in ARGET ATRP using an excess of reducing agent relative to
the catalyst, which can reduce the Cu(") species formed by reaction between the

activator and adventitious oxygen.62-65
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1.2.3 Supported photocatalysts

In recent years, the concept of supporting photocatalysts on materials has gained
popularity, since this allows for combining the benefits of photocatalysis with the
properties of the support material®. Supported catalysts typically offer a longer
lifespan and extended operational life®”, since they are both sustainable in
catalytic processes®® and easy to recover and to reuse.

Polymers represents a valid option to support catalysts.®® The main advantages
are their low price and ease of synthesis. Furthermore, these materials can be
endowed with a wide variety of functionalities, enabling the properties to be easily
adjusted to meet specific application requirements.

There are two main approaches that can be followed to incorporate
photocatalysts: the first one is based on the attachment of the photocatalyst to a
pre-synthesized functional polymer by post-polymerization modifications;”®”" the
other, and most used strategy, consists of the modification of the catalytically
active molecule so that it can be (co)polymerized.”>"# This second approach
makes the insertion of the photocatalyst within polymer chains less demanding
and controllable, especially using RDRP techniques, allowing to the synthesis of
defined copolymers.

Copolymers are polymers made by linking two or more different monomers
together. Depending on the choice of monomers and the strategies used, we can
produce various types of copolymers. In the specific case of incorporating a
photocatalyst, the resulting (co)polymer could be used for several light-mediated
reactions, it should be recovered and reused” and can be used under
homogeneous conditions, meaning in solvents where the copolymer is soluble
and easily accessible by the reacting substrates.

These copolymers can be tailored for specific needs such as solvent
compatibility, light transmittance, or the positioning of the photocatalyst. Their
properties, mostly dictated by the choice of comonomers, can be tailored to
achieve the desired outcome, giving access to a highly adaptable platform. The
monomer that is copolymerized with the monomer incorporating the photocatalyst
usually represents the major molar fraction, and it is often chosen solely based

on the desired characteristics of the material. Indeed, in most reported systems,
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the possibility of interactions between the photoactive part and the structural part
is overlooked, with the assumption that the polymer environment has no actual
influence on the catalytic activity, as often observed. Very few literature examples
studied the influence of polymer composition on photocatalytic properties.
Kobashi and Yoo’ covalently incorporated an Ir-based photocatalyst in
copolymers combining ethyl methacrylate with styrene, N-isopropyl acrylamide,
or benzyl methacrylate, and measured different catalytic activities. Recently,
Ferguson group’’ studied the comonomer effect for vinyl based photocatalytic
polymers. They reported that with some comonomers the photophysical
properties of the diphenyl benzothiadiazole photocatalyst were significantly
different, while the photocatalytic efficiency was mainly dependent on the reaction
conditions. Thus, based on the state-of-the-art of photocatalyst-embedding
copolymers, we can generally assume that binding a photocatalyst within a
polymer will not significantly affect its properties. Conversely, it is well described
that the photocatalyst structure and the reaction solvent can have a big impact
on the catalytic performance.

Incorporating photocatalyst-bearing monomers along polymer chains can be a
way to address some of the main drawbacks of photocatalysis such as solubility
issues and poor recyclability. However, polymers are not always easy to separate
from the reaction mixture. Finding a solvent in which the copolymer is not soluble
while the reaction mixture is, can be a key step in the precipitation of the polymeric
system and therefore its recovery.

A weak point that can occur in the polymeric system and must be consider is the
chemical degradation of the catalysts. Especially when dealing with organic
molecules, they are very prone to bleaching, which obviously invalidates the
reusing process. Recently, a study conducted by Pester’'s group demonstrated
that light irradiation for just a few hours can lead to photobleaching of certain
photocatalysts.”® This phenomenon occurs whether the molecules are used in
solution, directly immobilized on inert supports or incorporated within brushes. It
cannot be generally asserted that the copolymerization of photoactive units
prevents their degradation, but some considerations can be made in this regard.
These structures appear to provide a more protective environment for the
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photocatalyst maybe limiting the interaction between the radical form of the PC
and the radical intermediates of the reaction. There are numerous examples of
catalysts, such as fluorescein,”® rose Bengal,® eosin Y,”? porphyrins®' and others,

that can be reused.
These examples highlight that there is a significant dependence of photocatalyst

degradation on reaction conditions.
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2. Aim of the study

Visible light organo-photoredox catalysis has demonstrated its enormous
potential for facilitating challenging chemical reactions.

One of the most studied compounds of the IPN class is the 1,2,35-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene, referred as 4CzIPN (Figure 6). Its
analogue diphenylamine as a donor group is 1,3-Dicyano-2,4,5,6-
tetrakis(diphenylamino)-benzene, referred as 4DPAIPN (Figure 6).

4CzIPN 4DPAIPN

SWe

NG I N Ne. L cN
e Ge
B RS @T@
O J 0O

4CzIPN derivatives 4DPAIPN derivatives

e
® 8 5 @

&

R’ =F, Cl, Br, OMe, CN, Bu R’ =F, Cl, Br, OMe, CN, ‘Bu

Figure 6. Common modifications to the IPN core involve substituting the aromatic core with different
groups. Using carbazoles (Cz) gives the 4CzIPN, while using diphenylamine (DPA) produces the
4DPAIPN. Further modifications to Cz or DPA can create analogues with varying redox potentials

These two molecules are taken as a reference in this project, studying how steric
and electronic modifications affects the photochemical and redox properties of
the PC.
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The goal is to have two families of compounds, the photocatalysts 7 and 8
(Figure 7), in order to evaluate how stereoelectronic variations affect the
photophysical properties of the molecules and how homogeneous photocatalytic
processes are affected by these variations, comparing them with compounds
known in the literature.
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Figure 7. Representation of the two photocatalyst-functionalized monomers, 7 and 8. On the left the

carbazole (Cz) derivatives ( Q= H, Br, OMe), on the right the diphenylamine (DPA) derivatives ( Q= H,
Br, OMe). OMeCz= 3,6-dimtheoxy-9H-carbazole, BrCz= 3,6-dibromo-9H-carbazole, OMeDPA= 4,4’-
dimethoxydiphenyalmine, BrDPA= 4,4’-dibromodiphenylamine, IPN=isophthalonitrile, MA=methacrylic

We want to study the photophysical properties of the designed compounds, such
as at the UV-Visible absorption and emission spectra, in order to determine the

Eo,0, the redox properties, to know both the ground state potentials and the
excited state potentials, and the delayed fluorescence. To have an easily
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recoverable photocatalyst, it will be supported through ATRP in the presence of
an amphiphilic poly(methacrylate), setting the incorporation of the PC within the

copolymer equal to 5%.

Once the polymer systems have been obtained and the incorporation has been
verified, it will be possible to test photocatalyzed reactions to verify whether the

photocatalysts obtained are able to access the catalytic cycle.
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3. Result and discussion

3.1 Comparative of the Photocatalyst-functionalized monomers:

photophysical characterization

The first part of the project focused on the design, synthesis, and characterisation

of five photocatalysts that can be incorporated within a poly(methacrylate).

The photophysical properties of these compounds were studied and summarized

to facilitate a better comparison. To do this, a version of the photocatalysts was

synthesized in which the final double bond is saturated. This was done in order

to mimic the electronic nature of the photoactive moiety in the polymer since,

once it is incorporated into the copolymer backbone, the monomer does not

exhibit the terminal double bond.
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Scheme 9. Synthetic steps to obtain the Photocatalyst-functionalized monomers in the saturated version

(11). All the details are in the Supporting Information.
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In the first step, we want to obtain the monofluorinated intermediate 9, from the
tetrafluoroisophthalonitrile (4FIPN), in such a way that the fourth substitution with
the triethylene glycol (TEG) chain can be carried out and obtain the compound
10. TEG was chosen as a linker between the photocatalytic moiety and the
methacrylate function, or the isobutyryl function (i-butyryl) in the case of the
saturated version. The use of such a long chain was meant to avoid any potential
interactions between the photoactive part and the polymer backbone. The final
photocatalyst 11, 3(“Donor-Group”)IPN-but, where the ‘but stay for the terminal

isobutyryl functionality, will be used for all the characterizations.

3.1.1 Steady-State Absorption and Emission Spectroscopy (Eo,o)

The UV-Visible and Fluorescence spectra were measured to measure the singlet
energy of the photocatalysts (Eop) i.e. the energy difference between the first
vibrational level of the ground electronic state and the first vibrational level of the

first excited electronic state.

Absorption spectra of PC 11

—— 3DPAIPN-but

I 3{BrOPA)IPN-but

1 | 3(OMeDPA)IPN-but
3(BrCz)IPN-but

HOMeCz)IPN-but

Absorption

300 350 400 450 500 550 600
Wavelength {nm)

Figure 8. UV-Visible absorption profile of the photocatalysts 11 (solution 10 M in acetonitrile).

All photocatalysts show a broad absorption band in the visible region (A>400nm)
attributable to charge-transfer transitions from the donor side, diphenylamine
(DPA) or carbazole (Cz), to the acceptor core, dicyanobenzene®?83, The most
red-shifted absorption of the 3(OMeDPA)IPN-but compared to the other is due

29



both for the more electron-rich nature of DPA compared to Cz moieties and for

the electron donating nature of methoxy substituent.

Experimentally, from the intersection point between the absorption and emission
profiles, the energy Eoo can be derived, since the fluorescence spectrum
represents the transition between the first excited energy level and the ground

level.

The values can be summarized in Table 1.

Photocatalyst Intersection Eo,0 (eV)***
point (nm)

4CzIPN* 464 2.67
** 445 2.74
450 2.76
3(OMeCz)IPN-but 490 2.53
4DPAIPN* 486 2.55
3DPAIPN-but 462 2.68
464 2.67
3(OMeDPA)IPN-but 504 2.46

Table 1. Comparative of the E values of the Photocatalyst-functionalized monomer, saturated version.

*Values from literature, ** from Elena Avanzini Master Thesis, ***calculated from the wavelength values

All the single absorption and the emission profiles are present in the Supporting

Information.

3.1.2 Cyclic Voltammetry measurement

Cyclic voltammetry allows us to determine the redox potentials of photocatalysis
in the ground state. This is important as those are required to estimate the excited
state potentials.

In the case of reduction, the E+» was considered since the photocatalysts have a
reversible peak, unlike the oxidation profile where the peak is irreversible. In this
case, the anodic peak value, Ep, s, was taken as the potential value.

The values are summarized in the Table 2.
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Photocatalyst E:2(PC/PC*) (V) | E,.(PC*/PC) (V)
4CzIPN* -1.24 +1.49
** -1.30 +1.21
117 +1.75
3(OMeCz)IPN-but -1.36 +1.22
4DPAIPN* -1.66 +1.01
3DPAIPN-but -1.63 +1.26
-1.48 +1.39
3(OMeDPA)IPN-but -1.75 +0.87

Table 2. Calculated redox potential of the Photocatalyst-functionalized monomer in the saturated version,
11, in the ground state. All the measure was performed in ACN at room temperature using
tetrabutylammonium hexafluorophosphate (TBAPFs 1M) as supporting electrolyte. All the solution are 103
M, except for 3(BrCz)IPN-but that is 10*M. Ferrocene is used as internal standard. All values are vs SCE.
*Values from literature, ** from Elena Avanzini Master Thesis

Looking at the potentials obtained, diphenylamine derivatives have more
negative reduction potentials (PC/PC*"), as the structure of diphenylamine is
more electron rich and therefore it is more difficult to add an electron. On the
contrary, the rigid and planar structure of carbazole favors electronic
delocalization and better tolerates the negative charge. Similarly, the reduction
potentials of the oxidized form of carbazole derivatives (PC**/PC) are higher in
value, as having the structure delocalized makes it easier to abstract an electron

and they are easily reducible.

The effect of the substituents can be seen by comparing the two electronally
opposites, i.e. the 3(OMeDPA)IPN-but and the 3(BrCz)IPN-but. In the first case,
the electron donating methoxy group greatly lowers the reduction potential
(E12(PC/PC*)= -1.75 V) being energetically expensive to add an electron to a
structure rich in electron density. Similarly, the redox potential of the oxidized form
is less positive (Ep,a(PC**/PC)= +0.87 V). In the second case, bromine acts as an
electron withdrawing group and in carbazole the ease with which an electron can
be added is accentuated, having the least negative potential of all compounds
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(E12(PC/PC*)= -1.17 V). In the case of the oxidized form, adding an electron is

very easy in a structure poor in electron density (Epa(PC**/PC)= +1.75 V).

3.1.3 Calculation of redox potential in the excited state
For the estimation of the potentials of the excited state, the Rehm-Weller
formalism was applied":
E(PC*/PC*") = E(PC/PC*") + Eq,
E(PC**/PC*) = E(PC**/PC) — Eq,
where:

e E(PC*/PC*”) and E(PC**/PC*) are the reduction potential of the
photocatalyst in the exited state

e E(PC/PC*") and E(PC**/PC) are the reduction potential of the
photocatalyst in the ground state

e [y, is the energy of the singlet

The resulting calculated reduction potential of the photocatalyst in the exited state
are summarized in the Table 3:

Photocatalyst Ei(PC*/PC*) E,.(PC®*/PC¥*)
(V) (V)

4CzIPN* +1.43 -1.18
** +1.44 -1.53
+1.59 -1.01
3(OMeCz)IPN-but +1.17 -1.27
4DPAIPN* +0.76 -1.41
3DPAIPN-but +1.05 -1.42
+1.19 -1.28
3(OMeDPA)IPN-but +0.71 -1.59

Table 3 Calculated redox potential of the Photocatalyst-functionalized monomer in the saturated version,
11, in the exited state. All values are vs SCE. *Values from literature, ** from Elena Avanzini Master Thesis
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Looking at the excited state potentials obtained and considering that the
photocatalyst in this electronic configuration has two unpaired electrons in two
different SOMOs, it can be easily understood that these values are a direct
quantification of the oxidizing or reducing power with respect to a general
substrate.

In fact, the higher the absolute value of the reduction potential of the PC*/PC*- or
PC**/PC* pair, the more the oxidation or reduction of a substrate that has a lower
potential in absolute value will be favoured. For example, if a generic substrate
S, electron poor, with a reduction potential E(S/S*) of a value lower in absolute
value to Ep a(PC**/PC*), encounters the photocatalyst in the excited state in the
reaction mixture, then the reduction of the substrate S to S*- and the oxidation of
PC from PC* to PC** will be favoured. The photocatalyst is counter-oxidative
quenching and is a reducing agent against the S substrate. The same applies in
the case of oxidizing power.

As can be seen from the experimental values obtained, rich electron structures,
such as those containing electron donating substituents or in the general case of
diphenylamine, have a greater reducing power (Ep,a(PC**/PC*) has higher values
in absolute value) and therefore the reduction of the substrate and the oxidation
of the photocatalyst is favoured. In the case of structures less rich in electron
density, such as in the case of electron withdrawing substituents or in general
those containing carbazole as donor groups, the oxidizing power is higher
(E12(PC*/PC*") has higher values in absolute value) and therefore the oxidation
of the substrate and the reduction of the photocatalyst is preferred.

3.1.4 Lifetime measurements

The lifetime of the excited state of the various PC was measured for two main
reasons. First, it is reported that the excited state of a photocatalyst must have a
lifetime of at least 1 ns, otherwise the compound tends to emit before forming the
encounter complex with the substrate.?® Secondly, one of the most important
features of this type of PC is its very long excited-state lifetime, which is correlated

to its TADF behaviour. Measuring the lifetime was necessary to confirm that the
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excited state duration was sufficiently long and to determine if the compound still
exhibited reverse intersystem crossing (RISC).

Two different techniques were used for this purpose. Direct fluorescence was
measured using time-correlated single-photon counting (TCSPC)3 a technique
typically employed for short lifetimes (a few nanoseconds at most). In this
method, a detector converts a single photon into an electronic pulse, and the
TCSPC electronics accurately measures its arrival time relative to the excitation
pulse. Thousands of arrival times are recorded showing their statistical intensity

at a given time, from which the decay fitting provides the lifetime.

For delayed fluorescence, a more suitable method is Multi-Channel Scaling
(MCS),85 a photon counting technique generally used for measuring longer
lifetimes. In MCS, multiple photons are collected in each sweep of the time
window, quickly accumulating decays across timescales ranging from several

hundred nanoseconds to seconds.

All the values are summarized in the below Table 4.

Photocatalyst Prompt fluorescence, 1, Delayed Fluorescence, t4

(ns) (ns)

4CzIPN* 18.7 1390
** 10.5 255
- 817
3(OMeCz)IPN-but 0.6 4.4
4DPAIPN* 3.4 67
3DPAIPN-but - 7.2

2.3 66 000
3(OMeDPA)IPN-but 0.3 1.87

Table 4. Comparison between fluorescence lifetimes of 3(“DonorGroup”)IPN-but and 4CzIPN'?¢ and
4DPAIPN®. The synthesized PC 11 were measured at room temperature in ACN, by degassing the
solution with No.

Comparing these values with lifetime measurements of 4CzIPN and 4DPAIPN
under the same conditions,?” it is evident that the lifetimes of the references are
longer, for the delayed fluorescence, excepted for the brominated compound.
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We can speculate that the reason behind this result lies in the lower rigidity of the
photocatalyst synthesized. In fact, it is described that bulky substituents, and
consequently a sterically hindered system, exhibit longer lifetimes of the excited
state. This is linked to the larger separation of HOMO and LUMO orbitals, and so
to a worse overlapping of the orbitals’ wavefunctions.®8-%° We can say that the
electron, once in the triplet state, finds it more difficult to return to the singlet state,
translating in longer reverse intersystem crossing and consequently longer

delayed fluorescence.

As far as brominated compounds are concerned, the region of such a long-
delayed fluorescence lies in the heavy atom effect (HAE). In fact, compounds
containing heavy atoms such as halogens or sulphur favour the triplet state
population. According to Fermi's golden rule, a fast krisc can be obtained by
combining sufficient spin-orbit coupling (SOC) and a small AEst. Specifically,
spin-orbit coupling can be promoted by heavy elements and is larger among the
excited states of compounds containing this type of atoms, suggesting that this
parameter influences the RISC process®'.
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3.2 Polymerization in solution

Looking at the ARGET-ATRP, the PC presenting the polymerizable function, is
obtained in gram scale and copolymerized with poly(ethylene glycol) methyl ether
methacrylate p(OEGMA), producing the photoactive polymers. Then it was verify
the incorporation into the polymeric chain, to testing the catalytic activity.

ARGET ATRP was chosen as controlled radical polymerization technique, using
ethyl a-bromoisobutyrate (EBIiB) as the initiator in solution and targeting a degree
of polymerization of 200. The degree of polymerization (DP) measures the
number of monomer units in a polymer chain, reflecting the chain's length. The
employed transition metal catalyst was Cu("Br, with Tris(2-pyridylmethyl)amine
(TPMA) as a ligand (1:2 Cu(":ligand ratio). OEGMA was chosen as comonomer
to generate PC-bearing copolymers that could catalyze reaction both in organic
and aqueous media. Sodium Ascorbate (NaAsc) was used as reducing agent,
which is a mild reductant often used in ARGET ATRP.?2, The polymerization
procedure is detailed in the Supporting Information.

Polymerization tests were carried out in the presence of only the chosen
comonomer, before incorporating the photocatalyst. These are summarized in the
Table 5.

OEGMA | EBiB | CuBr2/TPMA | NaAsc | M B | Conversion
(mM) | (mM) (mM) (mM) | (Da) (%)
1750 | 8.75 1/2 05 | 8978 | 1.34 30

2 1750 | 8.75 1/2 5 | 34278 | 1.47 80

3* | 432 2.16 0.5/1 25 |17066 | 2.26 90

Table 5. Optimization of OMEGA polymerization in solution. The solution in the case of Entry 1 and Entry 2
are 50:50 OEGMA300:DMSO, while in *Entry 3 was used OEGMAs500:DMSO 20:80. The reactions were
followed by "H-NMR to study the kinetic and monomer conversion in the case of OEGMAso. The reported
M, were obtained by GPC, calculated using a calibration curve based on PMMA standards. The
percentage conversions are referred after 24 h of polymerization. All the details are reported in the
Supporting Information.

In Entry 1 and Entry 2 the ratio between Cu() and NaAsc was investigated. In the
case of Entry 2, the reducing agent is five time the molar amount of copper. This
is high ratio, permit a faster polymerization, although this can be at the expense
of a less controlled polymerization and therefore a greater dispersion D, as can
be seen by comparing the first two row. This is even more accentuated in the
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case of Entry 3 in which the 1:5 Cu():NaAsc ratio leads to a very high dispersion
D, synonymous with a poorly controlled polymerization. In this case, termination
processes may have taken place between already very long chains that have
raised the value of D. In fact, the ideally dispersity (D) of the polymer chains

should be low (P < 1.5), which is expected for a controlled polymerization.

3.2.1 Copolymerization of OEGMA and the Photocatalyst-functionalized

monomer and calculation of the real incorporation

The conditions of Entry 2 in Table 5 were then used for the copolymerization of
OEGMA300 with a 5 mol% of the Photocatalyst-functionalized (3(“Donor-
Group”)IPN-MA) vyielding the copolymer p(OEGMA-co-3(“Donor-Group”)IPN-
MA).

In the Table 6 are show the results of the polymerizations.

PC-functionalized monomer | Conversion (%) Note

3DPAIPN-MA 83 Conversion obtained

after 48 h
90 2" addition of NaAsc

after 24 h
3(OMeDPA)IPN-MA 40 2" addition of NaAsc

after 24 h

88 -

3(OMeCz)IPN-MA 77 2" addition of NaAsc

after 24 h

Table 6. Conversion of the polymerization obtained from 'H-NMR spectrum using DMF as internal
standard.

The incorporation was investigated from the absorbance of the polymer under UV
light. A calibration line (Figure 10) was built with the solutions containing the
saturated version of the various PC in different concentration (Figure 9). The
incorporation was also quantified "H-NMR.
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Figure 9. Absorption spectra at different concentration of the monomer 3DPAIPN-but in ACN.
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Figure 10. Calibration line built taking the absorbance values at 300 nm of 3DPAIPN-but in ACN.

The real incorporation of the monomers has been investigated for each catalytic
system, both with UV-Visible (Figure 11) and via "H-NMR.
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Figure 11. Absorption spectra of the different polymeric systems after ARGET-ATRP.

The Table 7 summarizes and results obtained:

Monomer % from UV-Vis % from 'TH-NMR

3DPAIPN-MA 1.6 3

5 4.8

3(OMeDPA)IPN-MA 3 3.8
- 1

3(OMeCz)IPN-MA) 1.5 1.8

Table 7. Incorporation of the monomers in the polymeric system obtained from UV-Visible calibration and
from "H-NMR

At this point, it was crucial to understand if the copolymerized photocatalyst was

able to catalyse photoreactions.
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3.3 Test photocatalyzed reactions

To study the differences between the various catalytic systems obtained,
reactions were studied that included in the reaction mechanism in one case the

reductive quenching of the PC and in the other the oxidative quenching.

3.3.1 Reductive quenching
3.3.1.1 Giese-type addition

The Giese-type radical addition involves the addition of radical intermediates to
versatile Michael acceptors. As radical precursors, carboxylic acids are
particularly attractive since the corresponding nucleophilic carbon radical can be
readily obtained through a favourable radical decarboxylation process, which
releases CO; as a traceless by-product.®

A proline derivative 13 was used as the radical precursor, and dimethyl maleate
15 served as the Michael acceptor

The photocatalytic cycle of this reaction proceeds via reductive quenching for the
formation of the radical precursor 14 through decarboxylation. The generated
radical adds to the electron-deficient olefine 15 to generate the radical species
16 that closes the photocatalytic cycle forming the anion 17. The final product 18
is obtained upon protonation (Scheme 10).

N COOH

Cbz 13
z COzMe
COZMe
Cbz

O\(\cozm be COZMe
-~
N CO,Me

I
&, COzMe ol COZMe

18

Scheme 10. Photocatalytic cycle of Giese-type radical reaction with the substrates of interest.
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This reaction was tested with the polymeric systems obtained after polymerization

in acetonitrile using as catalyst loading 5 mol%.

1H-NMR  E»(PC*/PC®) E12(PC/PC*")

i Yield (%) (V) (V)
4CzIPN* 80 +1.43 -1.26
80 +1.44 -1.30
p(OEGMA-co-3DPAIPN-MA) 47 +1.05 -1.63
51 +1.19 -1.48
p(OEGMA-co-3(OMeDPA)IPN- o5 +0.71 -1.75

MA)

p(OEGMA-co-3(OMeCz)IPN-MA) 6 +1.17 -1.36

Table 8. "H-NMR yields of Giese-type photoreactions calculated using dibromoethane CH.Br; as internal
standard. The reactions were carried out using a 427 nm Kessil at 25% intensity for 3.5 h. *from
literaturel®@ **from Alessio Lo Bocchiaro Master Thesis

In the control reaction performed in the absence of a photocatalyst the product

was not detected in the crude. This result implies the reaction is photocatalyzed.

The reaction, in addition to presupposing a sufficient oxidizing power of the PC
to mediate the decarboxylation process and generate species 14 (e.g., Boc-Pro-
OCs, E12 (red)= +0.95 V vs SCE), also subsequently requires a sufficient
reducing potential to generate the corresponding enolate 17 by SET reduction of

the a-acyl radical generated in situ (cf. E12 (red)=-0.60 V vs SCE)*.

Looking at the redox potentials of the excited state of the synthesized
photocatalysts, in principle everyone should possess the thermodynamically
driving force necessary to start and conclude the catalytic cycle, with the
exception of p(OEGMA-co-3(OMeDPA)IPN-MA) which have a low oxidizing
power (E12(PC*/PC*~ )= +0.71 V vs SCE), but sees a reaction yield of 25%.

The results obtained with the p(OEGMA-co-3DPAIPN-MA) and p(OEGMA-co-
3(BrDPA)IPN-MA) systems give a higher yield respect to with what was expected,
in fact from the literature the 3DPAFIPN and 3DPACIIPN give the product with a
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yield of 16% and 12%, respectively 8. This could be due to the presence of the
polymeric system that could promote better PC-reactant interaction. In the case
of p(OEGMA-co-3(OMeCz)IPN-MA), which would possess sufficient excited
state redox potentials and ground state to catalyze the reaction, the yield is rather
low, 6%. It is hypothesized that there may be rapid intramolecular and
unproductive (back) transfer of electrons from their excited state of CT, i.e.
internal quenching that may prevent their engagement in catalytic cycles*®.
Another hypothesis that could be take in consideration, is that the methoxylated
photocatalysts exabit a very short time both for the delayed fluorescence (7q),
1.87 ns for the p(OEGMA-co-3(OMeDPA)IPN-MA) and 4.4 ns for the p(OEGMA-
co-3(OMeCz)IPN-MA), and the prompt fluorescence (7,), 0.3 ns and 0.6 ns
respectively. In these cases, other competitive relaxation processes could take
place instead to RISC.
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3.3.1.2 Povarov-type cyclization

The Povarov-type cyclization studied involves the addition of N, N-dimethylaniline
24 to phenylmaleimide 27 (Scheme 11). The reaction was chosen because the
mechanism is known and sees the PC involved in two catalytic steps. In addition,
it has been tested for both organic and metal-based catalysts, which allows for
easier comparison. Moreover, the redox potentials of 24 (E°(24°*/24)= +0.80 V
vs SCE) and Oz (E°%(O2/ O2*)= -0.64 vs SCE) fall within the window of redox
potentials that can be covered by synthesized PCs.

\N/
24
pC* -\'-./ ~u~* \ o]
H \ 0
. [N
; O—0Q ¢
o)
™ 25 26 2
PC
o)
PC ~
PSP
Q
0, @ o 28
HOO

Scheme 11. Reported mechanism of Povarov reaction. The PC is restored in its ground state thanks to the
presence of oxygen.

The first step sees the reductive quenching of the PC* with the generation of the
N,N-dimethylaniline radical cation 25, which is deprotonated in the reaction
environment to give the radical species 26. At this point, a radical addition with
phenylmaleimide 27 leads to the formation of a new C-C bond in species 28.
Following aniline dearomatization, intermediate 29 is produced. A deprotonation
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on the aniline ring allows the rearomatization of this thanks to the O2°*- species
generated by the reduction of Oz by PC*-.

The Povarov-type cyclization was tested in acetonitrile both with the
Photocatalyst-functionalized monomers (the saturated version) and with the
polymeric systems. The catalyst loading used is 3 mol%, as described in literature

procedure®. The results were summarized in Table 9.

TH-NMR  'H-NMR Time Intensity E.(PC*/PC®")
Yield (%) Yield (%) (h) (%) (V)

PC

Saturated Polymeric

monomer system
1 - 5 5 4 25 ;
2 4CzIPN* 61 - 4 25 +1.43
3 - 42 4 25 +1.44
4  3DPAIPN-core 35 8 4 25 +1.05
5 B 9 4 25 +1.19

3(0OMeDPA)IPN-

18
6 core 5 4 25 +0.71
7 20 - 4 25 +1.59
3(OMeCz)IPN- 7
8 core 6 4 25 +1.17
9 45 - 20 100 +1.19
3(OMeDPA)IPN-
10 40 - 20 100 +0.71
core

Table 9. "H-NMR yields of Povarov-type photoreactions calculated using dibromoethane CHBr; as internal
standard. The reactions were carried out using a 427 nm Kessil, Time and Intensity are detailed in the

table.*from Alessio Lo Bocchiaro Master Thesis
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The Entry from 1 to 8 are referred to both the polymeric systems and the
Photocatalyst-functionalized monomers (saturated version). The tests with the
monomers were necessary to see if effectively the system studied was able to
catalyze the exanimated reaction. The most oxidant PC, the 3(BrCz)IPN-core, in
the case of the saturated monomer, poorly catalyze the reaction. This could be
attribute to the high insolubility of the catalytic core in the case of the brominated
carbazole. Anyway, all the PCs can catalyze more or less the reaction, since the
control experiment without catalyst give the product in 5% yield. More product
yield was obtained in case of more power (100% Intensity) and time (20h), for
Entry 9 and 10. Is interestingly to note that also PC that doesn’'t match the
potential of the N,N-dimethylaniline (E°(24°*/24)= +0.80 V vs SCE), the
3(OMeDPA)IPN-core, can give the product.

In the case of the tests with the polymeric systems, a very low yields were
obtained. This fact could concern diffusional limits of the reagents within the
polymer skeleton, although more in-depth analyses should be performed, since
in the case of Giese-type addition, the polymeric system is able to carry out the

catalytic cycle.
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3.3.2 Oxidative quenching

As regards the reaction pathway involving oxidative quenching of PC, a

dehalogenation of benzylhalide was chosen as a benchmark reaction.

The reaction is assumed to proceed by single-electron reduction of a-bromo-p-
tolunitrile® 31 by PC*. After that, a species capable of donating a hydrogen atom,
an HAT donor, generates the product of reaction 32. The catalytic cycle of the
photocatalyst is closed by oxidation of tributylamine to BusN*, hypothetically by
the Hantzsch ester which can act as a reducer®, and regeneration of PC
(Scheme 12).

CN
/©/\ /©/ AT doner /‘/\/‘/
?_< by-product (dimer)

( BU3N
hv
\\

BuN* i-Pr

Scheme 12. Hypothetic mechanism for the dehalogenation of benzyl halide in the case of a-Bromo-p-
tolunitrile.

This reaction was chosen because despite the fact that the PCs synthesized in
principle are not able to access the catalytic cycle, since the reduction potential
of a-Bromo-p-tolunitrile is experimentally determined to be equal to -1.64 V,
several photocatalysts of the naphthochromenones family are able to give the
dehalogenation product with good yields even with redox potentials of the excited
(Ep,a(PC**/PC*)) state ranging from -1.27 V to -1.77 V.

The tests were performed in acetonitrile with 3 mol% of catalyst loading for 16 h,

as describe in literature®. The results are summarized in Table 10.

46



TH-NMR  E,.(PC*/PC*)

e TH-NMR
Yield (%) Yield (%) (V)
by-product
p(OEGMA-co-3DPAIPN-MA) 16 8 -1.41
32 8 -1.28
p(OEGMA-co-3(OMeDPA)IPN-MA) 30 12 -1.59
p(OEGMA-co-3(OMeCz)IPN-MA) 30 5 -1.27

Table 10. "H-NMR yields of dehalogenation of benzyl halide photoreactions calculated using
dibromoethane CHBr» as internal standard. The reactions were carried out using a 427 nm Kessil at 256%
Intensity for 16 h.

The most reducing photocatalysts were chosen to be tested in the oxidative
quenching pathway, i.e. PCs containing diphenylamine and the carbazole family,
the one replaced with methoxy, as donor groups.

In the crude reaction examined by 'H-NMR, signals appeared relating to a
reaction by-product potentially identifiable as the dimer formed by radical
combination of the radical intermediate with itself. In terms of equivalents used,
considering that each dimer uses two equivalents of the starting material, the
photoactive polymeric system that transforms the most quantities of 31 is
certainly the most reducing of all, p(OEGMA-co-3(OMeDPA)IPN-MA)
(Ep,a(PC**/PC*)=-1.59 V vs SCE), which is also the one that comes closest of all
to the potential necessary for single-electron reduction of a-bromo-p-tolunitrile 31
(E (31/31°)=-1.64 V vs SCE).

Interestingly, as is the case with naphthochromenones, PCs that are quite far
from the required reduction potential can also access the catalytic cycle. This
could be attributable to the fact that the shape of the curve detected in the cyclic
voltammetry related to the reduction of the substrate is quite wide at its minimum
point and therefore sufficiently accessible in thermodynamic terms, as shown in
Figure 12.
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ilau.

-2,0 -1.8 -1,6 -14 -1.2

Figure 12. CV of 31 in 0.1 MTBAPF6 MeCN solution. GC electrode. Scan rate: 100 mV/s, potential
referred to SCE at room temperature using a platinum wire as counter electrode. Reported from [93]

It remains to be seen whether by carrying out reaction optimizations, for example
with shorter times to see more substantial differences between the different PCs
or with higher lamp intensities (from 50% to 100%) to try to obtain a higher yield,
they can be seen in the improvements in the catalytic performance of photoactive

polymers.
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4. Conclusions

In the light of what is known about molecules exhibiting TADF behaviour and their
recent use as photoredox catalysts, this project demonstrates their possible use
in benchmark reaction in the form of a polymeric system. This allows easy
recovery thanks to precipitation of them and therefore faster reuse, simplifying

the purification process of products obtained by reactions catalysed by them.

In the first part of the thesis, the designed PCs are successfully synthesized and
characterized to have a knowledge of their singlet energies (Eo,), their redox
potentials of the ground state and the excited state and their lifetime. It emerges
from the comparison that the para-substitution of the structure of carbazole and
diphenylamine has important effects on redox potentials. The most oxidizing
photocatalyst turns out to be the Bromine-substituted carbazole core, less
electron rich than diphenylamine, i.e. 3(BrCz)IPN-ibut, with E72(PC*/PC*’)= +1.59
V. The most reducing PC see by the Methoxy-substituted diphenylamine core,
which is generally the richer vs the carbazole, i.e. 3(OMeDPA)IPN-ibut, with
Ep a(PC**/PC*)=-1.59 V.

In the second part of the thesis, the photoactive monomers were successfully
copolymerized with an amphiphilic monomer using ARGET ATRP giving the
copolymer poly(OEGMA-co-3(“Donor-Group”)IPN-MA), with an incorporation

ranging from 1 to 5%.

In the third part, three different reaction was tested to verify if the photoactive

polymer is able to achieve the catalytic cycle.

The Giese-type addition is actually catalysed, with yields ranging from 5 to 50%,
compared to the black reaction that does not produce any product. Obviously,
reaction optimizations would be needed to evaluate if higher yields can be
achieved.

In the Povarov cyclization, the PCs are able to achieve the catalytic cycle, since
the black reaction give the product in very low yield to respect to the system
studied, but not as other catalysts described in the literature®®. Anyway, the
4CzIPN give the product in 60% yield and maybe deeper stereoelectronically
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modification could give the chance to obtain a better vyield.
In the oxidative quenching, the dehalogenation of benzyl bromine is catalysed by
the photoactive polymers, giving for the p(OEGMA-co-3(OMeDPA)IPN-MA) the
best results. Reaction optimizations would be needed to evaluate both if higher
yields can be achieved and if the differences between the PCs can be rise in term

of redox potential of the exited state.

In conclusion, the studied systems demonstrated photocatalytic activity and easy
recovery from the reaction mixture. In addition, they demonstrated a great
tunability as organo-photoredox catalysts modifying the donor and acceptor
moieties from the originally 4CzIPN TADF photocatalyst. Last but not least, the
reactions were carried out by irradiating with blue light (Amax= 427 nm), so using

a cheap LED source, under mild and safe condition.
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5. Supporting information

5.1 General Infromation

Commercial grade reagents and solvents were purchased from Sigma Aldrich,
FluoroChem, BLDpharma or TClchemicals and used as received, unless
otherwise stated.

Oligo[(ethylene glycol) methyl ether methacrylate] (OEGMA) with M, ~300 g
mol™" M, ~500 g mol~" was purified by passing through a basic aluminium oxide

column to remove the inhibitor (butylated hydroxytoluene, BHT) before use.

MilliQ water was purified with a Millipore Direct-Q 5 ultrapure water system or a
Milli-Q® IQ 7003 purification system.

5.2 Instruments

NMR spectra were recorded on Bruker AVANCE Neo 400 Nanobay equipped with
a BBFOATM-z grad probehead. The chemical shifts (8) for 'H and '3C are given
in ppm relative to residual signals of the solvents (CHClz @7.29 ppm "H-NMR,
77.16 ppm BC-NMR, CH:Cl, @5.32 ppm 'H-NMR, 53.84 ppm "C-NMR,
(CH3)2CO @2.05 ppm 'H-NMR, 29.84 ppm "*C-NMR). Coupling constant are
given in Hz. The following abbreviations are used to indicate the multiplicity; s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad signal.

Chromatographic purification of products was accomplished using flash
chromatography on silica gel (SiO2, 0.04-0.063 mm) purchased from
MacheryNagel, with the indicated solvent system according to the standard
techniques. Thin-layer chromatography (TLC) analysis was performed on pre-
coated Merck TLC plates (silica gel 60 GF254, 0.25 mm). Visualisation of the
developed chromatography was performed by checking UV absorbance (254
nm). Organic solutions were concentrated under reduced pressure on a Buchi

rotary evaporator.
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Steady-state absorption spectroscopy studies were performed at room
temperature on a Varian Cary 50 UV-vis double beam spectrophotometer; 10 mm
and 1 mm path length Hellma Analytics 100 QS quartz cuvettes were used.
Steady-state fluorescence spectra, lifetime studies were recorded on a Varian
Cary Eclipse Fluorescence spectrophotometer; 10 mm path length Hellma
Analytics 117.100F QS quartz cuvettes.

Size exclusion chromatography (SEC) was performed using an Agilent Viscotek
302-TDA gel permeation chromatography equipped with a refractive index (RI)
detector, a GRAM pre-colum (50x8, 10 um) and two GRAM analytical linear
columns (300x8 mm, 10 um) from Agilent PSS connected in series to determine
the number average molecular weight (M») and dispersity (D) of polymers. The
column compartment and RI detector were both at 60 °C, and the eluent used
was DMF containing 10 mM LiBr at a flow rate of 1 mL/min. Every sample
(polymer concentration ~2 mg/mL) was prepared by filtering through neutral
alumina over a PTFE membrane with a porosity of 0.20 ym. The column system
was calibrated with 12 linear poly(methyl methacrylate) standards (M, = 540—
2,210,000 Da).

The potentiostate used for the calculation of the redox potentials is VIONIC
powered by INTELLO software from Metrohm Autolab. The measurements were
done in a 3-electrode cell. Platinum wire (99.9%) ST 0.6/40 mm was used as
auxiliary electrode. The working electrode was a glassy carbon, 70 mm long and
2 mm diameter (body diameter 6 mm), and a Ag/Ag* non-aqueous refillable
reference electrode (6 mm diameter).
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5.3 Experimental Procedures
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3DPAIPN-MA, 8

General procedures

A. In an oven dried Schlenk flask equipped with a magnetic stir bar 1.25 equiv
(per halogen of tetrafluoroisophthalonitrile) diphenylamine were dissolved
in dry THF (0.05 M, relating to 1.0 equiv of the corresponding
tetrafluoroisophthalonitrile) under an atmosphere of argon. Then, 1.88
equiv (per halogen of tetrafluoroisophthalonitrile) NaH (60% in oil) were
added and the suspension was stirred at 50 °C for 30 minutes. Finally, 1.0
equiv of the tetrafluoroisophthalonitriie was added and the resulting
mixture was stirred at room temperature for 24h. The reaction mixture was
quenched by the addition of water. After removal of THF, the residue was
dissolved in DCM and washed with water. The organic phase was dried
over Na,SO, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel to
obtain the product 9 as a solid.*®

B. In an oven dried Schlenk flask equipped with a magnetic stir bar, 4.2 equiv
of substituted diphenylamine were dissolved in dry THF (0.3 M, relating to
the total equiv of the diphenylamine) under an atmosphere of argon. The
reaction mixture was cooled at -78°C and then 4.2 equiv of LIHMDS (1 M
in dry THF) were added slowly. Finally, 1.0 equiv of dissolved
tetrafluoroisophthalonitrile (0.1 M in dry THF) was added and the resulting
mixture was stirred at room temperature for 24h at room temperature. The

reaction mixture was quenched by the addition of water. After removal of
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THF, the residue was dissolved in DCM and the organic phase was

extracted with DCM. Then, the organic phase was dried over Na,SO, and

recrystallized to obtain the product 9 as a solid.

. In an oven dried Schlenk flask equipped with a magnetic stir bar, 3.0 equiv
of substituted carbazole and 1.0 equiv of tetrafluoroisophthalonitrile were
dissolved in dry MeCN (0.08 M, relating to the corresponding
tetrafluoroisophthalonitrile) under an atmosphere of argon. Tetramethyl
piperidine (4.5 equiv) was added slowly. The reaction mixture was heated
at 80°C and left at reflux overnight. Finally, the solution was recrystallized
to obtain the product 9 as a solid.

. In an oven dried Schlenk flask equipped with a magnetic stir bar, 1.0 equiv
of monofluorinated intermediate 9, with diphenylamine as donor moieties,
and 1.2 equiv of NaH (60% in oil) were dissolved in dry DMAc (0.2 M,
relating to 9) under an atmosphere of argon. Then, 3.5 equiv of triethylene
glycol were added at the solution. The resulting reaction mixture was
heated at 100°C and left at reflux overnight. The suspension was
quenched by the addition of water, extracted with DCM and washed with
LiCl (5% p/V). The organic phase was dried over Na,SO, and the solvent

was removed under reduced pressure. The crude product was purified by
column chromatography on silica gel to obtain the product as a solid.

. In an oven dried Schlenk flask equipped with a magnetic stir bar, 1.0 equiv
of monofluorinated intermediate 9, with carbazole as donor moieties, and
1.2 equiv of NaH (60% in oil) were dissolved in dry THF (0.2 M, relating to
9) under an atmosphere of argon. Then, 3.5 equiv of triethylene glycol
were added at the solution. The resulting reaction mixture was stirred
overnight at room temperature. The suspension was quenched by the
addition of water, washed with brine and extracted with DCM. The organic
phase was dried over Na,SO, and the solvent was removed under
reduced pressure. The crude product was purified by column
chromatography on silica gel to obtain the product as a solid.

. In'an oven dried Schlenk flask equipped with a magnetic stir bar, 1.0 equiv
of intermediate 10 and 1.5 equiv of isobutyryl chloride were dissolved in
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dry THF (0.15 M, relating to intermediate 10) under an atmosphere of
argon. Then, 1.6 equiv of triethylamine (TEA) were added slowly at the
solution. The resulting reaction mixture was stirred overnight at room
temperature. The suspension was quenched by the addition of water,
washed with brine and extracted with DCM. The organic phase was dried
over Na,SO, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel to
obtain the product 11 as a solid.

. Inan oven dried Schlenk flask equipped with a magnetic stir bar, 1.0 equiv
of intermediate 10 and 1.5 equiv of methacryloyl chloride were dissolved
in dry THF (0.15 M, relating to intermediate 10) under an atmosphere of
argon. Then, 1.6 equiv of triethylamine (TEA) were added slowly at the
solution. The resulting reaction mixture was stirred overnight at room
temperature. The suspension was quenched by the addition of water,
washed with brine and extracted with DCM. The organic phase was dried
over Na,SO, and the solvent was removed under reduced pressure. The

crude product was purified by column chromatography on silica gel to
obtain the product 7 or 8 as a solid.
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5.4 Experimental Data of the Photocatalysts

3DPAFIPN (2,4,6 Tris(diphenylamino)-5-fluoroisophthalonitrile)

@\ /@ According to general procedure A using 200 mg of
N tetrafluoroisophthalonitrile (1 mmol), 634.6 mg of
NC CN diphenylamine, 225.6 mg of NaH (60% oil) and 20 mL of

@N NQ dry THF. Column chromatography with hexanes/DCM,
O F @ 12-85% DCM as gradient. 516.5 mg of product obtained
(79% vyield), yellow solid.

1H NMR (400 MHz, CDCl): § (ppm) 7.27-7.24 (m, 12H), 7.08-7.03 (m,

6H), 7.01-6.97 (m, 12H). According to literature. 48

13C-NMR (100 MHz, CDCl3): & (ppm) 152.4 (d, "Jc /= 257.9 Hz, CF), 151.8, 145.5,
145.3, 143.1, 129.4, 129.3, 124.6, 124.0, 122.7, 122.68, 112.6, 109.0. According

to literature. 48

9F-NMR decoupled 'H (376 MHz, CDClIs): 5 (ppm) -121.3 (s, 1F) According to

literature. 48

3(BrDPA)FIPN (2,4,6 Tris(4-4’dibromodiphenylamino)-5-fluoroisophthalonitrile)
Br Br According to general procedure B using 1000.5
\©\N/©/ mg of tetrafluoroisophthalonitrile (5 mmol), 6867.0
NC CN mg of 4-4’dibromodiphenylamine, 21 mL of
Br Br .
LIHMDS 1M and 79 mL of d THF.
\@N NQ/ i
F @ Recrystallization with CH2Clz/Pentane 1/2. 5000.0
mg of product obtained (90% yield), yellow solid.
'"H NMR (400 MHz, CDCls): & (ppm) 7.39 (m, 12 H), 6.82 (m, 12 H).

13C-NMR (100 MHz, CDCls): & (ppm) 144.0, 143.8, 142.4, 142.3, 132.9, 132.8,
124.3, 124.3, 118.5, 117.8, 112.2, 108.7.

9F-NMR decoupled 'H (376 MHz, CDCIs): § (ppm) -120.2 (s, 1F).
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3(OMeDPA)FIPN (2,4,6 Tris(4-4’dimethoxydiphenylamino)-5-
fluoroisophthalonitrile)

MeO OMe According to general procedure B using
\QNQ 1000.5 mg of tetrafluoroisophthalonitrile (5

NC CN mmol), 4814.7 mg of 4-

Meo OMe 4 dimethoxydiphenylamine, 21 mL of LIHMDS
\@N NQ/ imethoxydiphenylamine, 21 mL of Li

F 1M and 79 mL of dry THF. Recrystallization

with  CH2Clo/Pentane 1/2. 3020.0 mg of

MeO OMe
product obtained (73% yield), orange solid.

1H NMR (400 MHz, CDCls): 5 (ppm) 6.94-6.88 (m, 12H), 6.81-6.78 (m, 12H), 3.78
(s, 18H).

13C.NMR (100 MHz, CDCls): & (ppm) 156.4, 155.9, 152.4, 152.4, 152.1 (d,
1JcF=260 Hz), 149.6, 143.3, 143.1, 139.6, 139.3, 124.2, 124.1, 114.6, 114.6,
113.4, 113.4, 106.2, 106.1, 55.4, 55.4.

9F-NMR decoupled 'H (376 MHz, CDClIs): § (ppm) -124.0 (s, 1F).

3(BrCz)FIPN (2,4,6, Tris(3,6-dibromo-carbazol-9-yl) 5-fluoroisophthalonitrile)

Br Br According to general procedure C using
1000.5 mg of tetrafluoroisophthalonitrile (5

N mmol), 4875.0 mg of 3,6-dibromo-9H-
NC CN carbazole, 3.83 mL of tetramethylpiperidine
Br 0 N N ‘ Br (TMP) and 62.5 mL of dry MeCN. The product
O F Q precipitated during the reaction. It was washed
5/ Br with cooled MeCN and dry with vacuum pump.
4659.0 mg of product obtained (84% yield),

yellow solid.

1H NMR (400 MHz, CDCls): & (ppm) 8.28-7.70 (m, 6H), 7.68-7.66 (m, 12H), 7.21-
7.14 (m, 12H).
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13C-NMR (100 MHz, CDCls): & (ppm) 138.9, 138.0, 130.7, 130.6, 125.6, 125.4,
124.6, 124.4, 116.3, 116.0, 111.3, 110.6.

19F.NMR decoupled 'H (376 MHz, CDCls): § (ppm) -110.3 (s, 1F).

3(OMeCz)FIPN (2,4,6,
fluoroisophthalonitrile)

O OMe
N
NC CN

Meo— ) N0 -Ome
&G

MeO OMe

Me

(50% vyield), red solid.

Tris(3,6-dimethoxy-carbazol-9-yl) 5-

According to general procedure C using
1000.5 mg of tetrafluoroisophthalonitrile (5
mmol), 3408.9 mg of 3,6-dimethoxy-9H-
carbazole, 3.83 mL of
tetramethylpiperidine (TMP) and 62.5 mL
of dry MeCN. Recrystallization with
H2O/MeCN to have the product as
precipitate. 2000.0 mg of product obtained

1H NMR (400 MHz, CDCls): 5 (ppm) 7.57 (m, 6H), 7.36-7.08 (m, 12H), 3.98 (d, J

=10.0 Hz, 18H).

13C-NMR (100 MHz, CDCI3): & (ppm) 155.8, 155.5, 134.5, 125.7, 125.4, 115.8,
115.5, 111.0, 110.2, 104.1, 103.9, 56.1.

F-NMR decoupled 'H (376 MHz, CDClIs): § (ppm) -112.6 (s, 1F).
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3DPATEGIPN (2,4,6 Tris(diphenylamino)-5-triethylenglycol isophthalonitrile)
According to general procedure D using 323.9 mg
@N/Q of 3DPAFIPN (0.5 mmol), 230 pL of triethylene glycol,
NC CN 24.0 mg of NaH (60% oil) and 5 mL of dry DMAc.
@N N@ Column chromatography with DCM/EtOAc, 10-50%
@ o} @ EtOAc as gradient. 232.0 mg of product obtained
IO (58% vyield), yellow solid.

H H NMR (400 MHz, CDCls): & (ppm) 7.28-7.26 (m,
OI 12H), 7.05-6.95 (m, 18H), 3.73 (m, 2H), 3.64 (bs, 2H),
OH 3.46 (m, 2H), 3.32 (m, 2H), 3.01 (m, 2H), 2.87 (m,
2H).

13C-NMR (100 MHz, CDCls): & (ppm) 151.5, 150.8, 148.5, 145.7, 145.5, 129.4,
124.8, 124.0, 123.9, 123.1, 122.7, 122.3, 113.1, 111.2, 72.5, 72.4, 70.5, 70.3,
68.8, 61.8

3(BrDPA)TEGIPN (2,4,6  Tris(4-4’dibromodiphenylamino)-5-triethylenglycol
isophthalonitrile)

Br Br According to general procedure D using 3360 mg
\©\N/©/ of 3(BrDPA)FIPN (3 mmol), 1,40 mL of triethylene

NC CN glycol, 144 mg of NaH (60% oil) and 15 mL of dry
B Br DMAc Column chromatograph with
\@N ey - graphy

o Q DCM/EtOAc, 10-50% EtOAc as gradient. 1400.0
1 mg of product obtained (35% yield), yellow solid.
Br o Br
H "H NMR (400 MHz, CDCls): & (ppm) 7.52-7.36 (m,
o} 12H), 6.95-6.68 (m, 12H), 3.70 (dt, 4H), 3.52 (m,

I 2H), 3.44-3.39 (m, 2H), 3.20-3.16 (m, 2H), 3.02 (¢,
2H).

13C-NMR (100 MHz, CDCls): & (ppm) 150.6, 150.3, 147.4, 144.1, 144.0, 132.7,
132.7,124.1,123.8, 117.6, 117.4, 112.6, 110.9, 73.1, 72.4, 70.6, 70.2, 69.1, 61.7.
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3(OMeDPA)TEGIPN (2,4,6 Tris(4-4’dimethoxydiphenylamino)-5-triethylenglycol
isophthalonitrile)

MeO OMe According to general procedure D using
\©\N/©/ 413.9 mg of 3(OMeDPA)FIPN (0.5 mmol), 230

NC CN uL of triethylene glycol, 24.0 mg of NaH (60%

N oil) and 25 mL of dry DMAc. Column

o Q chromatography with DCM/EtOAc, 10-70%

EtOAc as gradient. 344.8 mg of product

MeO OMe

N

MeO o OMe , . .
H obtained (70% yield), orange solid.
0]

H NMR (400 MHz, CDCls): § (ppm) 6.96-6.83
IOH (m, 12H), 6.76 (m, 12H), 3.75 (s, 18H), 3.67
(m, 4H), 3.47 (m, 2H), 3.39-3.32 (m, 2H), 3.08-3.04 (m, 2H), 2.92 (m, 2H).

3(BrCz)TEGIPN (24,6, Tris(3,6-dibromo-carbazol-9-yl)  5-triethylenglycol
isophthalonitrile)

Br Br According to general procedure E using
2000.0 mg of 3(BrCz)FIPN (1.8 mmol), 0.85
N mL of triethylene glycol, 86.0 mg of NaH (60%

NG CN o) and 9 mL of dry THF. Column

Br 0 N N ‘ Br chromatography with DCM/EtOAc, 10-50%
O @ s EtOAc as gradient. 611 mg of product obtained
N Io Br (30% vyield), yellow solid.
H 1H NMR (400 MHz, CDCl3): & (ppm) 8.26 (m,
0
I 6H), 7.70 (m, 6H), 7.32-7.22 (m, 7H), 3.65 (bs,

OH  2H), 3.45(m, 2H), 3.13-3.06 (m, 2H), 3.04-2.97
(m, 2H), 2.69-2.59 (m, 4H).

13C-NMR (100 MHz, CDCls): & (ppm) 154.9, 139.4, 138.3, 130.5, 125.2, 124 .4,
116.2, 115.6, 112.0, 110.9, 74.2, 72.2, 70.2, 69.7, 61.6, 60.4.
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3(OMeCz)TEGIPN (2,4,6, Tris(3,6-dimethoxy-carbazol-9-yl) 5-triethylenglycol

isophthalonitrile)

Me According to general procedure E using

) OMe
1400.0 mg of 3(OMeCz)FIPN (1.7 mmol),
N
NC CN

0.80 mL of triethylene glycol, 82.0 mg of
NaH (60% oil) and 9 mL of dry THF.

MeO 0 N N ‘ OMe Column chromatography with
O O\L s DCM/EtOAc, 10-70% EtOAc as gradient.
MeO 0 OMe 829 mg of product obtained (51% vyield),
red solid.
01 1H NMR (400 MHz, CDCls): 3 (ppm) 7.57

OH (m, 6H), 7.33-7.24 (m, 6H), 7.18 (m, 6H),
3.97 (s, 18H), 3.58 (m, 2H), 3.38-3.31 (m, 2H), 2.96 (m, 4H), 2.56 (m, 4H).

13C-NMR (100 MHz, CDCls): & (ppm) 155.4, 155.3, 155.3, 154.0, 141.1, 139.3,
135.8,134.9,125.2, 125.1, 115.6, 115.4, 115.1, 111.7, 111.3, 110.3, 103.9, 103.6,
103.6.

3DPAIPN-but (2,4,6 Tris(diphenylamino)-5-tryethylenglicolisobutyrate

isophthalonitrile)

According to general procedure F using 86.5 mg
of 3DPATEGIPN (0.1 mmol), 12 uL of isobutyryl

SWe
NC CN chloride, 16 uL of triethylamine (TEA) and 0.7 mL
@N NQ of dry THF. Column chromatography with
@ OIQ DCM/EtOAc, 10-30% EtOAc as gradient. 23.0 mg
o

of product obtained (27% yield), yellow solid.

H 1H NMR (400 MHz, CDCls): & (ppm) 7.30-7.23 (m,
1 12H), 7.08-6.98 (m, 18H), 4.19-4.15 (m, 2H), 3.74
o (t, J = 5.5 Hz, 2H), 3.56 (t, J = 5.7, 4.1 Hz, 2H),
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3.33 (t, J = 5.7, 4.1 Hz, 2H), 3.06 — 3.01 (m, 2H), 2.88 (t, J = 5.5 Hz, 2H), 2.56
(hept, J = 7.0 Hz, 1H), 1.17 (d, J = 7.0 Hz, 6H).

13C-NMR (100 MHz, CDCls): & (ppm) 151.5, 150.9, 148.5, 145.7, 145.6, 129.4,
129.4,124.1,123.9, 122.7,122.4,113.1,111.2, 72.4, 70.5, 70.4, 69.2, 68.9, 63 .4,
34.0, 191

3(BrDPA)IPN-but (2,4,6 Tris(4-4’dibromodiphenylamino)-5-
tryethylenglicolisobutyrate isophthalonitrile)

Br\©\
N

NC

Br According to general procedure F using 25.0
/©/ mg of 3(BrDPA)TEGIPN (0.02 mmol), 2.5 uL of
CN isobutyryl chloride, 3.5 uL of triethylamine

Br Br
\@N NQ (TEA) and 0.26 mL of dry THF (0.075 M).
Q Column chromatography with DCM/EtOAc, 10-
30% EtOAc as gradient. 13.2 mg of product

H obtained (50% yield), yellow solid.

o)

O\L H NMR (400 MHz, CDCls): & (ppm) 7.38 (m,
o 12H), 6.81 (m, 12H), 4.18 (t, J = 5.0 Hz, 2H),
O)w/ 3.71 (m, 2H), 3.59 (t, J = 5.0 Hz, 2H), 3.39 (m,
2H), 3.18 (m, 2H), 3.02 (m, 2H), 2.55 (hept,

1H), 1.15 (d, J=6 Hz, 6H)
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3(OMeDPA)IPN-but (2,4,6 Tris(4-4’dimethoxydiphenylamino)-5-
tryethylenglicolisobutyrate isophthalonitrile)

MeO OMe According to general procedure F using 63.0
\©\N©/ mg of 3(OMeDPA)TEGIPN (0.07 mmol), 8 uL
NC
MeO OMe

\O\N (TEA) and 0.5 mL of dry THF. Column

CN
|
@ 0 Q chromatography with DCM/EtOAc, 10-50%

EtOAc as gradient. 39.0 mg of product

of isobutyryl chloride, 12 uL of triethylamine

MeO o OMe
H obtained (54% vyield), red solid.
O\L "H NMR (400 MHz, CDCls): & (ppm) 6.93-6.84
o (m, 12H), 6.84-6.72 (m, 12H), 4.15 (m, 2H),

O%\( 3.76 (s, 18H), 3.66 (t, 2H), 3.56 (t, 2H), 3.37-
3.32 (m, 2H), 3.14-3.08 (m, 2H), 2.90 (t, 2H),
2.61-2.49 (hept, 1H), 1.14 (d, J = 7.0 Hz, 6H).

13C-NMR (100 MHz, CDCls): & (ppm) 155.9, 152.1, 148.9, 139.7, 124.0, 123.5,
114.5,113.7,108.5, 76.7,71.9,70.4, 70.3, 69.1, 68.9, 63.3, 55.4, 55.4, 33.9, 19.0.

3(BrCz)IPN-but (2,4,6 Tris(3,6-dibromo-carbazol-9-yl)-5-
tryethylenglicolisobutyrate isophthalonitrile)

Br Br According to general procedure F using
148.6 mg of 3(BrCz)TEGIPN (0.12 mmol), 20
N uL of isobutyryl chloride, 14 puL of
Ne oN triethylamine (TEA) and 0.80 mL of dry THF.
Br 0 N N ‘ Br Column chromatography with DCM/EtOAc,
>, O\L 10-30% EtOAc as gradient. 60.6 mg of

Br O Br product obtained (42% vyield), yellow solid.
H "H NMR (400 MHz, CDCls): & (ppm) 8.24 (m,

o)

I 6H), 7.68 (m, 6H), 7.18 (m, 6H), 4.17-4.06 (m,

0o 2H), 3.54-3.41 (m, 2H), 2.97 (m, 4H), 2.64 (m,

o)j/ 2H), 2.60 (m, 2H), 2.50 (hept, J = 7.0 Hz, 1H),
1.10 (d, J = 7.0 Hz, 6H).
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13C-NMR (100 MHz, CDCls): & (ppm) 155.0, 139.3, 139.1, 138.3, 138.2, 130.5,
130.4, 125.2, 124.4, 124.1, 116.1, 115.6, 111.8, 110.7, 74.1, 69.9, 69.4, 69.1,

62.9, 33.9, 19.0.

3(0OMeCz)IPN-but (2,4,6

Tris(3,6-dimethoxy-carbazol-9-yl)-5-

tryethylenglicolisobutyrate isophthalonitrile)

MeO OMe
N
NC CN

According to general procedure F using
750 mg of 3(OMeCz)TEGIPN (0.08
mmol), 9 uL of isobutyryl chloride, 13 puL of
triethylamine (TEA) and 0.53 mL of dry
THF. Column chromatography with
DCM/EtOAc, 10-50% EtOAc as gradient.
30 mg of product obtained (37% yield), red
solid.

H NMR (400 MHz, CDCls): & (ppm) 7.56
(m, 6H), 7.27 (m, 4H), 7.17 (m, 6H), 4.11-

4.04 (m, 2H), 3.97 (m, 18H), 3.43-3.34 (m, 2H), 2.98-2.91 (m, 4H), 2.57 (m, 2H),
2.56 (m, 2H), 2.51 (hept, 1H), 1.12 (d, J = 7.0 Hz, 6H).

13C-NMR (100 MHz, CDCl3): & (ppm) 155.4, 154.1, 141.0, 139.3, 135.8, 134.9,
125.2,115.7,115.0, 111.7, 111.3, 110.3, 103.9, 103.6, 73.9, 69.9, 69.7, 69.2, 68.9,

63.1, 33.8, 18.9.
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3DPAIPN-MA (2,4,6

isophthalonitrile)

s
%I‘;ELS

Tris(diphenylamino)-5-tryethylenglicolmethacrylate

According to general procedure G using 207.0
mg of 3DPATEGIPN (0.25 mmol), 27 uL of
methacryloyl chloride, 44 pL triethylamine (TEA)
and 2.0 mL of dry THF. Column chromatography
with DCM/EtOAc, 10-20% EtOAc as gradient. 139
mg of product obtained (58% yield), yellow solid.

H NMR (400 MHz, CDCl3): 5 (ppm) 7.26 (m, 12H),
7.08-6.97 (m, 18H), 6.12 (s, 1H), 5.57 (t, 1H), 4.28-
4.22 (m, 2H), 3.74 (t, J = 5.5 Hz, 2H), 3.61 (t, J =
4.8 Hz, 2H), 3.34 (m, 2H), 3.04 (t, J = 4.8 Hz, 2H),
2.88 (t, J = 5.5 Hz, 2H), 1.95 (s, 3H).

13C-NMR (100 MHz, CDCls): & (ppm) 151.5, 150.9, 148.5, 145.7, 145.6, 136.3,
129.4,129.4,122.4, 113.1, 111.2, 72.5, 70.5, 70.4, 69.2, 68.9, 63.9, 31.1, 18.5.

3(BrDPA)IPN-MA

(2,4,6 Tris(4-4’dibromodiphenylamino)-5-

tryethylenglicolmethacrylate isophthalonitrile)

N
NC CN
Br Br
Lo A Y
o) Q
O\L

(0]

According to general procedure G using
1350.0 mg of 3(BrDPA)TEGIPN (1.0 mmol),
150 pL of methacryloyl chloride, 230 uL
triethylamine (TEA) and 6.7 mL of dry THF.
Column chromatography with DCM/EtOAc, 10-
20% EtOAc as gradient. 659.5 mg of product
obtained (50% vyield), yellow solid.

H NMR (400 MHz, CDCls): & (ppm) 7.49-7.35
(m, 12H), 6.84 (m, 12H), 6.12 (s, 1H), 5.58 (s,

O&]‘\[/ 1H), 4.28 (t, 2H), 3.74 (m, 2H), 3.66 (m, 2H),
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3.46-3.39 (m, 2H), 3.25-3.17 (m, 2H), 3.04 (m, 2H), 1.95 (s, 3H).

13C-NMR (100 MHz, CDCls): & (ppm) 150.7, 150.3, 147.5, 144.1, 136.1, 132.7,
129.0, 128.5, 125.9, 124.1, 123.8, 117.6, 117.4, 112.6, 110.9, 73.1, 70.6, 70.3,
69.2, 63.6.

3(OMeDPA)IPN-MA (2,4,6 Tris(4-4’dimethoxydiphenylamino)-5-
tryethylenglicolmethacrylate isophthalonitrile)

MeO OMe According to general procedure G using
\QNQ 1730.0 mg of 3(OMeDPA)TEGIPN (1.8

NC CN mmol), 260 uL of methacryloyl chloride, 0.4
MeO OMe . .
\@N NQ/ mL triethylamine (TEA) and 12.0 mL of dry

0 THF. Column chromatography  with
DCM/EtOAc, 10-20% EtOAc as gradient.
MeO o OMe _ _
H 700.0 mg of product obtained (50% yield), red
o solid.
Io TH NMR (400 MHz, CDCls): & (ppm) 6.94-6.86

(m, 12H), 6.80-6.70 (m, 12H), 6.09 (s, 1H),
5.54 (s, 1H), 4.23 (t, J = 5.8, 2H), 3.75 (m,
18H), 3.73-3.65 (m, 2H), 3.60 (m, 2H), 3.41-3.33 (m, 2H), 3.15 — 3.06 (m, 2H),
2.91 (t, J = 5.8 Hz, 2H), 1.92 (t, J = 1.3 Hz, 3H).

0]

13C-NMR (100 MHz, CDCls): & (ppm) 155.9, 152.1, 148.9, 148.5, 139.7, 139.5,
136.1,125.8, 124.0, 123.5, 114.5, 113.7, 108.5, 71.9, 70.4, 69.1, 68.8, 64.3, 63.7,
55.4, 30.6, 18.3.
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3(BrCz)IPN-MA (2,4,6 Tris(3,6-dibromo-carbazol-9-yl)-5-
tryethylenglicolmethacrylate isophthalonitrile)

Br Br According to general procedure G using
611.0 mg of 3(BrCz)TEGIPN (0.5 mmol), 73

N puL  of methacryloyl chloride, 110 pL

NC CN
triethylamine (TEA) and 3.4 mL of dry THF.
Br 0 N N ‘ Br Column chromatography with DCM/EtOAc,

-, OI 10-20% EtOAc as gradient. 328.3 mg of
O

product obtained (50% yield), yellow solid.

H H NMR (400 MHz, CDCls): 5 (ppm) 8.21 (m,
0]

I 6H), 7.69 (m, 6 H), 7.33-7.17 (m, 6H), 6.06 (s,

o 1H), 5.54 (s, 1H), 4.13 (m, 4H), 3.76 (m, 2H),

o)\]/ 3.51 (m, 2H), 3.46, 3.39 (m, 4H), 1.91 (s, 3H).

13C-NMR (100 MHz, CDCls): & (ppm) 155.0, 139.3, 138.3, 130.5, 125.2, 124 .4,
116.1, 115.6, 111.8, 110.7, 74.1, 69.9, 69.4, 62.9, 33.9, 19.0.

3(OMeCz)IPN-MA (2,4,6 Tris(3,6-dimethoxy-carbazol-9-yl)-5-
tryethylenglicolmethacrylate isophthalonitrile)

MeO OMe According to general procedure G using

710.0 mg of 3(OMeCz)TEGIPN (0.75
N mmol), 110 uL of methacryloyl chloride,
NC N 170 pL triethylamine (TEA) and 5.0 mL of
MeO 0 N N ‘ OMe dry THF. Column chromatography with
O O\L Q DCM/EtOAc, 10-20% EtOAc as gradient.
MeO O OMe 382.5 mg of product obtained (50% yield),
H red solid.
OI "H NMR (400 MHz, CDCl3): § (ppm) 7.56
O (m, 6H), 7.36-7.22 (m, 6H), 7.17 (m, 6H),
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6.05 (s, 1H), 5.44 (m, 1H), 4.14 (m, 4H), 3.97 (s, 18H), 3.43 (m, 2H), 2.94 (t, 4H),
1.90 (s, 3H).

13C-NMR (100 MHz, CDCls): & (ppm) 155.4, 155.3, 134.9, 125.1, 115.7, 115.5,
111.3, 110.3, 103.9, 103.6, 73.9, 70.0, 69.7, 69.2, 68.8, 63.5, 60.4, 30.9, 18.3.

Figure 13. Some final monomers, from the left to the right: 3(OMeCz)IPN-MA, 3(OMeDPA)IPN-MA,
3(BrDFPA)IPN-MA.
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5.5 Photophysical Properties of Photocatalysts

All the photophysical properties were executed with the saturated versions of the

photocatalyst-functionalized monomers.

5.5.1 Steady-State Absorption and Emission Spectra (Eo,o)
3DPAIPN-but
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Figure 14. UV/Vis absorption and emission spectrum of 3DPAIPN-but in MeCN (104 M) measured at room
temperature. Aexc= 440 nm. Intersection point A= 486 nm.
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Figure 15. UV/Vis absorption and emission spectrum of 3(BrDPA)IPN-but in MeCN (104 M) measured at
room temperature. Aexc= 434 nm. Intersection point A= 464 nm.
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Figure 16. UV/Vis absorption and emission spectrum of 3(OMeDPA)IPN-but in MeCN (104 M) measured
at room temperature. Aexc= 465 nm. Intersection point A= 505 nm.
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Figure 17. UV/Vis absorption and emission spectrum of 3(BrCz)IPN-but in MeCN (10# M) measured at
room temperature. Aexc= 390 nm. Intersection point A= 450 nm.
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Figure 18. UV/Vis absorption and emission spectrum of 3(OMeCz)IPN-but in MeCN (104 M) measured at
room temperature. Aexc= 455 nm. Intersection point A= 490 nm.
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5.5.2 Cyclic Voltammetry
3DPAIPN-but
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Figure 19. CV in the oxidation direction of 3DPAIPN-but in MeCN (10-°M) using tetrabutylammonium
hexafluorophosphate (TBAPFg) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated Ep 2= +1.26 V vs SCE.
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Figure 20. CV in the reduction direction of 3DPAIPN-but in MeCN (10-3M) using tetrabutylammonium

hexafluorophosphate (TBAPFg) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated E1,=-1.63 V vs SCE.
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Figure 21. CV in the oxidation direction of 3(BrDPA)IPN-but in MeCN (103M) using tetrabutylammonium
hexafluorophosphate (TBAPFg) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated Ep 2= +1.39 V vs SCE.
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Figure 22. CV in the reduction direction of 3(BrDPA)IPN-but in MeCN (103M) using tetrabutylammonium

hexafluorophosphate (TBAPFe) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated E1,=-1.48 V vs SCE.
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Figure 23. CV in the oxidation direction of 3(OMeDPA)IPN-but in MeCN (103M) using tetrabutylammonium
hexafluorophosphate (TBAPFg) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.

Calculated Ep, 2= +0.87 V vs SCE.
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Figure 24. CV in the reduction direction of 3(OMeDPA)IPN-but in MeCN (10-*M) using
tetrabutylammonium hexafluorophosphate (TBAPFs) 0.1 M as supporting electrolyte. Ferrocene was used

as internal standard. Calculated E1,=-1.75 V vs SCE.
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Figure 25. CV in the oxidation direction of 3(BrCz)IPN-but in MeCN (10*M) using tetrabutylammonium
hexafluorophosphate (TBAPFe) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated Ep, 2= +1.75 V vs SCE.
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Figure 26. Value range of potential (V) indicating the presence of the peak (on the left) and derivative of
the value range (on the right).
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Figure 27. CV in the reduction direction 3(BrCz)IPN-but in MeCN (10*M) using tetrabutylammonium
hexafluorophosphate (TBAPFe) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated E1,=-1.17 V vs SCE.
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Figure 28. CV in the oxidation direction of 3(OMeCz)IPN-but in MeCN (10-3M) using tetrabutylammonium
hexafluorophosphate (TBAPFe) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated Ep, .= +1.22 V vs SCE.
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Figure 29. Value range of potential (V) indicating the presence of three peaks (on the left) and derivative of
the value range (on the right).
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Figure 30. CV in the reduction direction 3(OMeCz)IPN-but in MeCN (10-°M) using tetrabutylammonium
hexafluorophosphate (TBAPFg) 0.1 M as supporting electrolyte. Ferrocene was used as internal standard.
Calculated E1,=-1.36 V vs SCE.
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5.6 Polymerization in solution

o)
%o&
. Br EBIiB
N o]

o CuBry/TPMA B

NC CN —>» 0

J(OV}\OJ\( ’ \\A/ NaAsc (1%), DMSO ho M
n

O\@N/ \%\NQ/O

§

:(ON’O

\_ U
S "CN
ne” Y

OEGMA 7or8 P(OEGMA-co-3(“Donor-Group”)IPN-MA)

o/
p
o
O(o) ~°

3
,

Solution 50:50 OEGMA300:DMSO, Viot= 4 mL, NaAsc 5mM, PC 5%

In a vial equipped with a magnetic stir bar, 2.0 mL of OEGMA300 (7 mmol, 1.75 M,
prefiltered with basic alumina and PTFE filter), PC 7 or 8 (5 mol%, 0.35 mmol),
0.2 mL from a stock solution of EBIB 175 mM (8.75 mM), 0.2 mL from a stock
solution of CuBr2/TPMA 20/40 mM (1mM/2mM), 0.2 mL of internal standard
(DMF) and 1.36 mL of DMSO were added and degassed with argon for 30
minutes. For the stock solution, DMSO must be used as solvent.
In a vial, a stock solution of sodium ascorbate 500 mM (in distilled water) was
degassed with argon for 30 minutes, separately. A small amount of the
polymerization solution was taken as “time zero” to for the "H-NMR kinetic. Finally,
0.04 mL from the stock solution of NaAsc (1% of Vit, 5 mM) was added to start
the polymerization. After 24h, or 48h referring to the % of conversion checked
with "H-NMR, the polymers incorporating the PC were purified using 12-14 kDa
dialysis membrane, for 2 days in 100% ACN.

77



Solution 20:80 OEGMAs500:DMSO, Viot= 2 mL

In a vial equipped with a magnetic stir bar, 0.4 mL of OEGMAs00 (0.864 mmol, 432
mM, prefiltered with basic alumina and PTFE filter), 0.04 mL from a stock solution
of EBIB 108 mM (2.16 mM), 0.04 mL from a stock solution of CuBr2/TPMA 25/50
mM (0.5mM/1mM), 0.04 mL of internal standard (DMF) and 1.4 mL of DMSO
were added and degassed with argon for 30 minutes. For the stock solution,
DMSO must be used as solvent.
In a vial, a stock solution of sodium ascorbate 62.5 mM (in distilled water) was
degassed with argon for 30 minutes, separately. A small amount of the
polymerization solution was taken as “time zero” to for the "H-NMR kinetic. Finally,
0.08 mL from the stock solution of NaAsc (4% of Vi, 2.5 mM) was added to start
the polymerization. After 24h the polymer was purified using 12-14 kDa dialysis
membrane, for 2 days in 100% ACN.
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1H-NMR spectra
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Figure 31. "H-NMR spectra (400 MHz, CDCl3) of the polymerization of OEGMA 3o at different
times (without PCs). The signal used as internal standard is the DMF signal at 7.90 ppm and for
the polymer the decrease of the double bond signals were monitored (H, 5.98 and 5.44 ppm).
80% conversion after 24h.
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Figure 32. Polymeric conversion vs Time in Kinetic study. Polymerization with 5 mM of NaAsc (80%
conversion after 24 h) and 0.5 mM of NaAsc (40%conversion after 24h)
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Figure 33. "H-NMR spectra (400 MHz, CDCl3) of the polymerization of OEGMAsoo at different times
(without PCs). The signal used as internal standard is the DMF signal at 7.90 ppm and for the polymer
the decrease of the double bond signals were monitored (H, 5.98 and 5.44 ppm). 90% conversion after

17h.
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Figure 34. "H-NMR spectrum (400 MHz, CDCIs) of poly(OEGMA-co-3DPAIPN-MA). The broad singlet at

4.17 ppm correspond to the first methylene of the glycolic chain (2H), while the two multiplets from 6.9 to
7.2 ppm correspond to the 30 aromatic protons of the diphenylamine.
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Figure 35. "H-NMR spectrum (400 MHz, CDCls) of poly(OEGMA-co-3(BrDPA)IPN-MA). The broad
singlet at 4.17 ppm correspond to the first methylene of the glycolic chain (2H), while the two multiplets
from 6.8 to 7.4 ppm correspond to the 24 aromatic protons of the 4,4’-dibromodiphenylamine.
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Figure 36. "H-NMR spectrum (400 MHz, CDCl3) of poly(OEGMA-co-3(OMeDPA)IPN-MA). The
broad singlet at 4.17 ppm correspond to the first methylene of the glycolic chain (2H), while the two
multiplets from 6.7 to 6.9 ppm correspond to the 24 aromatic protons of the 4,4-
dimethoxydiphenylamine.
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Figure 37. "H-NMR spectrum (400 MHz, CDCIs) of poly(OEGMA-co-3(BrCz)IPN-MA). The broad singlet
at 4.17 ppm correspond to the first methylene of the glycolic chain (2H), while the three multiplets from
7.2 to 8.3 ppm correspond to the 18 aromatic protons of the 3,6-dibromo-carbazole.
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Figure 38. "H-NMR spectrum (400 MHz, CDCls) of poly(OEGMA-co-3(OMeCz)IPN-MA). The broad
singlet at 4.17 ppm correspond to the first methylene of the glycolic chain (2H), while the three multiplets
from 7.1 to 7.5 ppm correspond to the 18 aromatic protons of the 3,6-dimethoxy-carbazole.

82



5.7 UV-Visible Calibration
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Figure 39. Absorption spectra at different concentrations of the monomer 3DPAIPN-but in ACN at room

Absorbance

=
=
&

2 =2 D
o] ] [
@ & G

=
=
]

temperature.
= ® OPa .
= LinsarFit e
] ~
] -"'---
- .__.__-"
E %
3 e
3 -
= -ﬂ"'f'
E e y= 0.554x
E -
= .‘/. R2= 0.99
__IIIIIIIIIIIIIIII|III|III|III|
-0.02 a 0,02 10,04 0,06 0,08 0.1 012

Concentration {m})

Figure 40. Absorbance values at 310 nm vs Concentration.
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Figure 41. Absorption spectra at different concentrations of the monomer 3(BrDPA)IPN-but in ACN at room
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Figure 42. Absorbance values at 320 nm vs Concentration.
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Figure 43. Absorption spectra at different concentrations of the monomer 3(OMeDPA)IPN-but in ACN at
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Figure 44. Absorbance values at 325 nm vs Concentration.
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Figure 45. Absorption spectra at different concentrations of the monomer 3(OMeCz)IPN-but in ACN at
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Figure 46. Absorbance values at 320 nm vs Concentration.
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Absorption profile of polymers
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Figure 47. Absorption of the polymers in ACN at room temperature.
Concentration  ; Conc
Polymer . Absorbance " mmolpc/m
(solution) ) (mM) pc/Mgpolymer
p(OEGMA-co- 13 mafmL
mg/m *10-5
3DPAIPN-MA) 9 310 0.233 0.42 3.23*10
7.8mg/mL 320 0.485 0.85 1.09%10
p(OEGMA-co-
3(OMeDPA)IPN- 7.8 mg/mL 325 0.681 0.72 9.2%105
MA)
p(OEGMA-co-
MA)

Table 11. Absorbance of the polymers at minimum (A), calculated concentration from the linear fits and
calculated mmol of incorporated PCs vs mg of polymer.

87



5.8 General Procedures for Test Reactions

5.8.1 Giese-type addition

CO2Me

Q fCOzMe 5 mol % p(OEGMA-co-3(“Donor-Group”|IPN-MA)
+ >
CHkOH CO,Me 1.1 equiv. KoHPO,, CO.,Me
NCbz MeCN, rt, NCbz

Kessil 427 nm, 25%

13,1 equiv 15, 1.1 equiv 18

The procedure was followed according to literature*®. An oven-dried 10 mL
Schlenk flask with a glass cap and a magnetic stir bar was charged with the
selected photocatalyst (0.005 mmol, 5 mol% cat. loading), Cbz-Pro-OH 13 (37.4
mg, 0.15 mmol, 1.0 equiv), methyl maleate 15 (25 pL, 0.17 mmol, 1.1 equiv),
K2HPO4 (31.4 mg, 0.18 mmol, 1.1 equiv), and 3.75 mL of dry MeCN. The reaction
mixture was degassed by using the freeze-pump- thaw technique, cycles (3x%),
then irradiated with Kessil lamp for 3.5h. The polymeric system was precipitate
with diethyl ether. The product 18 was detected by 'H-NMR from the crude of
reaction and the yield was calculated using CH2Br2 as internal standard (5.25 pL,
0.075 mmol).

Figure 48. Photochemical setup for the Giese-type addition. The distance between the Schlenk and the
Kessil lamp is 3 cm. The system is ventilated with a fan.
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1H-NMR spectra

N N

T

Figure 49. "H-NMR (400 MHz, CDCIs) reaction crude of the Giese-type photoreaction with poly(OEGMA-co-
3DPAIPN-MA) as PC and CH2Br» as internal standard (4.9 ppm, 2H). The highlighted proton H is the
diagnostic one used for the calculation of the NMR yield which correspond to the two peaks, the broad signal
at 4.15 ppm and the multiplet at 4.30 due to the formation of the rotamers.

A

Figure 50. "H-NMR (400 MHz, CDClIs) reaction crude of the Giese-type photoreaction with poly(OEGMA-co-
3(BrDPA)IPN-MA) as PC and CH-.Br» as internal standard (4.9 ppm, 2H). The highlighted proton H is the
diagnostic one used for the calculation of the NMR yield which correspond to the two peaks, the broad signal at
4.15 ppm and the multiplet at 4.30 due to the formation of the rotamers.
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Figure 52. "TH-NMR (400 MHz, CDCIs) reaction crude of the Giese-type photoreaction with poly(OEGMA-co-
3(OMeDPA)IPN-MA) as PC and CH2Br» as internal standard (4.9 ppm, 2H). The highlighted proton H is the
diagnostic one used for the calculation of the NMR yield which correspond to the two peaks, the broad signal at
4.15 ppm and the multiplet at 4.30 due to the formation of the rotamers.
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Figure 51. "TH-NMR (400 MHz, CDCIs) reaction crude of the Giese-type photoreaction with poly(OEGMA-co-
3(OMeCz)IPN-MA) as PC and CH2Br» as internal standard (4.9 ppm, 2H). The highlighted proton H is the
diagnostic one used for the calculation of the NMR yield which correspond to the two peaks, the broad signal at
4.15 ppm and the multiplet at 4.30 due to the formation of the rotamers.

90



5.8.2 Povarov-type cyclization

~p - (0] 0O
N Y
+ [ 'NPh Kessil 427 nm .~ NPh
3 mol% 3(“Donor-Group”)IPN-but or p(OEGMA-co-3(“Donor-Group”IPN-MA)
0 MeCN, air, rt o
24,2 equiv 27, 1 equiv 30

The procedure was followed according to literature®. N-phenylmaleimide 27
(17.3 mg, 1 equiv, 0.10 mmol) and the selected photocatalyst (3.0 mol% catalyst
loading) was dissolved in dry MeCN (1.2 mL). To the resulting solution, N,N-
dimethylaniline 24 (25 uL, 2 equiv, 0.2 mmol) was added dropwise under vigorous
stirring at room temperature. The solution (0.083 M) was stirred at room
temperature and irradiated using the Kessil lamp. The polymeric system was
precipitate with diethyl ether. The product 30 was detected by "H-NMR from the
reaction crude and the yield was calculated using CH2Br2 as internal standard
(3.5 uL, 0.05 mmol).

Figure 563. Photochemical setup for the Povarov-type cyclization. The distance between the vial and the
Kessil lamp is 3 cm. The system is ventilated with a fan.
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1H-NMR spectra
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Figure 54. "H-NMR (400 MHz, CDCl3) reaction crude of the Povarov-type photoreaction after 4 h irradiation
with a 427 nm Kessil lamp with 3DPAIPN-but as PC and CH.Br» as internal standard (4.9 ppm, 2H). The
highlighted proton H is the diagnostic one used for the calculation of the NMR yield which correspond to
the doublet at 4.18 ppm.
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Figure 55. "H-NMR (400 MHz, CDCIs) reaction crude of the Povarov-type photoreaction after 4 h
irradiation with a 427 nm Kessil lamp with 3(OMeDPA)IPN-but as PC and CH.Br» as internal standard
(4.9 ppm, 2H). The highlighted proton H is the diagnostic one used for the calculation of the NMR yield
which correspond to the doublet at 4.18 ppm.
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Figure 56. "H-NMR (400 MHz, CDCIs) reaction crude of the Povarov-type photoreaction after 4 h
irradiation with a 427 nm Kessil lamp with 3(BrCz)IPN-but as PC and CHBr; as internal standard (4.9
ppm, 2H). The highlighted proton H is the diagnostic one used for the calculation of the NMR yield which
correspond to the doublet at 4.18 ppm.
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Figure 57. "H-NMR (400 MHz, CDCIs) reaction crude of the Povarov-type photoreaction after 4 h
irradiation with a 427 nm Kessil lamp with 3(OMeCz)IPN-but as PC and CH»Br as internal standard (4.9
ppm, 2H). The highlighted proton H is the diagnostic one used for the calculation of the NMR yield which
correspond to the doublet at 4.18 ppm.
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5.8.3 Dehalogenation of benzylhalide

Bu3N (3 equiv.)
Hantzsch ester (3 equiv.)

@ﬂgr p(OEGMA-co-3(“Donor-Group”IPN-MA) (3 mol%) /@Me
>
NC Kessil 427 nm, 25% NC

MeCN, rt, 16h
31, 1 equiv 32

The procedure was followed according to literature®*. An oven-dried 10 mL
Schlenk with a glass cap and a magnetic stir bar was charged with 4-
(Bromomethyl)benzonitrile 31 (19.6 mg, 0.10 mmol, 1.0 equiv), MeCN (1.0 mL),
tributylamine (70 puL,0.30 mmol, 3.0 equiv), Hantzsch ester (75.9 mg, 0.30 mmol,
3.0 equiv) and the selected photocatalyst (0.003 mmol, 3.0 mol% cat. loading).
The reaction mixture was degassed by using the freeze-pump-thaw technique,
cycles (3x), then irradiated with the Kessil lamp for 16h. The polymeric system
was precipitate with diethyl ether. The product 32 was detected by "H-NMR from
the reaction crude and the yield was calculated using CH2Br; as internal standard
(3.5 uL, 0.05 mmol).
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1H-NMR spectra
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Figure 58. "TH-NMR (400 MHz, CDCIs) reaction crude of the dehalogenation of benzyl halide photoreaction
with poly(OEGMA-co-3DPAIPN-MA) as PC and CH2Br» as internal standard (4.9 ppm, 2H). The highlighted
protons Me are the diagnostic one used for the calculation of the NMR yield which correspond to the singlet

at 2.4 ppm. The singlet at 2.9 ppm is probably relatives the two -CH»- of the dimer (4H). The integration of
the multiplet at 7.18 ppm is in line with one of the couples of the aromatic protons (2H) of the product while

the multiplet at 7.21 ppm is consistent with the dimer.
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Figure 59. "TH-NMR (400 MHz, CDCIs) reaction crude of the dehalogenation of benzyl halide photoreaction
with poly(OEGMA-co-3(BrDPA)IPN-MA) as PC and CH2Br» as internal standard (4.9 ppm, 2H). The
highlighted protons Me are the diagnostic one used for the calculation of the NMR yield which correspond to
the singlet at 2.4 ppm. The singlet at 2.9 ppm is probably relatives the two -CH.- of the dimer (4H). The
integration of the multiplet at 7.18 ppm is in line with one of the couples of the aromatic protons (2H) of the
product while the multiplet at 7.2 ppm is consistent with the dimer.
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Figure 60. "H-NMR (400 MHz, CDCIs) reaction crude of the dehalogenation of benzyl halide photoreaction
with poly(OEGMA-co-3(OMeDPA)IPN-MA) as PC and CH-Br; as internal standard (4.9 ppm, 2H). The
highlighted protons Me are the diagnostic one used for the calculation of the NMR yield which correspond to
the singlet at 2.4 ppm. The singlet at 2.9 ppm is probably relatives the two -CH.- of the dimer (4H). The
integration of the multiplet at 7.18 ppm is in line with one of the couples of the aromatic protons (2H) of the
product while the multiplet at 7.2 ppm is consistent with the dimer.
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Figure 61. "TH-NMR (400 MHz, CDCI5) reaction crude of the dehalogenation of benzyl halide photoreaction with
poly(OEGMA-co-3(OMeCz)IPN-MA) as PC and CH-Br» as internal standard (4.9 ppm, 2H). The highlighted
protons Me are the diagnostic one used for the calculation of the NMR yield which correspond to the singlet at
2.4 ppm. The singlet at 2.9 ppm is probably relatives the two -CH»- of the dimer (4H). The integration of the
multiplet at 7.18 ppm is in line with one of the couples of the aromatic protons (2H) of the product while the

multiplet at 7.2 ppm is consistent with the dimer.
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6. NMR spectra
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Figure 62. "H-NMR of 3DPATEGIPN (CDCl5).
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Figure 63. *C-NMR of 3DPATEGIPN (CDCls).
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Figure 64. "3C-NMR DEPT-135 of 3DPATEGIPN (CDCl3).
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Figure 65. "H-NMR of 3DPAIPN-but (CDCl3).
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Figure 66. 3C-NMR of 3DPAIPN-but (CDCl5).
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Figure 67. "3C-NMR DEPT-135 of 3DPAIPN-but (CDCl3).
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Figure 67. "H-NMR of 3DPAIPN-MA (CDCl;).

ACh-DPA-monomero-def.2 fid 52308 & 929 8 og Locoss ~

C13CPD CDCI3 {D:\nmrdata\LucaDA\ACheccozzg} BellAmicg192 & o NS S oo w 2
ﬁﬁﬁﬁﬁ ergge o =F RRR3EG &
NI LY \ e

T T T T T
50 45 40 35 30 25 20 15

18.45

1000000

900000

800000

700000

600000

500000

400000

300000

200000

100000

2500000

2000000

1500000

1000000

500000

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

1 (ppm)

Figure 68. *C-NMR of 3DPAIPN-MA (CDCl5).
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Figure 69. "*C-NMR DEPT-135 of 3DPAIPN-MA (CDCl3).
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Figure 70. "H-NMR of 3(BrDPA)FIPN (CDCl5).
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Figure 71. 3C-NMR of 3(BrDPA)FIPN (CDCls).
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Figure 72. ¥C-NMR DEPT-135 of 3(BrDPA)FIPN (CDCls).
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Figure 73. "F-NMR of 3(BrDPA)FIPN (CDCl5).
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Figure 74. "H-NMR of 3(BrDPA)TEGIPN (CDCl5).
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Figure 75. *C-NMR of 3(BrDPA)TEGIPN (CDCl5).
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Figure 76. ®C-NMR DEPT-135 of 3(BrDPA)TEGIPN (CDCl5).
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Figure 77. "H-NMR of 3(BrDPA)IPN-but (CDCls).
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Figure 78. "H-NMR of 3(BrDPA)IPN-MA (CDCls).
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Figure 79. *C-NMR of 3(BrDPA)IPN-MA (CDCI5).
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Figure 80. *C-NMR DEPT-135 of 3(BrDPA)IPN-MA (CDCl5).
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Figure 81. "H-NMR of 3(OMeDPA)FIPN (CDCl;).
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Figure 82. *C-NMR of 3(OMeDPA)FIPN (CDCl5).
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Figure 83. *C-NMR DEPT-135 of 3(OMeDPA)FIPN (CDCls).

ACh-OMeDPAFIPN.3 fid
F19CPD CDCI3 {D:\nmrdata\LucaDA\ACheccozzo} DellAmico 13

123.97

5000000

4500000

4000000

3500000

3000000

2500000

2000000

1500000

1000000

500000

~-500000
T T T T T T T T T T T T T T T T T T T T T T T T T

0 10 0 -0 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220
1 (ppm)

Figure 84. 1F-NMR of 3(OMeDPA)FIPN (CDCl5).
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Figure 85. "H-NMR of 3(OMeDPA)TEGIPN (CDCls).
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Figure 86. "H-NMR of 3(OMeDPA)IPN-but (CDCls).
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Figure 87. 3C-NMR of 3(OMeDPA)IPN-but (CDCls).
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Figure 88. *C-NMR DEPT-135 of 3(OMeDPA)IPN-but (CDCls).
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Figure 89. H-NMR of 3(OMeDPA)IPN-MA (CDCl5).
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Figure 90. *C-NMR of 3(OMeDPA)IPN-MA (CDCl5).
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Figure 91. ®C-NMR DEPT-135 of 3(OMeDPA)IPN-MA (CDCl5).
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Figure 92. "H-NMR of 3(BrCz)FIPN (CDCls).
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Figure 93. 3C-NMR of 3(BrCz)FIPN (CDCls).
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Figure 94. 3C-NMR DEPT-135 of 3(BrCz)FIPN (CDCls).
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Figure 95. "F-NMR of 3(BrCz)FIPN (CDCl3).
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Figure 96. "H-NMR of 3(BrCz)TEGIPN (CDCls).
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Figure 97. 3C-NMR of 3(BrCz)TEGIPN (CDClIs).
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Figure 98. 13C-NMR DEPT-135 of 3(BrCz) TEGIPN (CDCl5).
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Figure 99. "H-NMR of 3(BrCz)IPN-but (CDCls).
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Figure 100. "*C-NMR of 3(BrCz)IPN-but (CDCl3).
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Figure 101. "3C-NMR DEPT-135 of 3(BrCz)IPN-but (CDCls).
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Figure 102. "H-NMR of 3(BrCz)IPN-MA (CDCl3).
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Figure 103. "*C-NMR of 3(BrCz)IPN-MA (CDCls).
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Figure 104. 3C-NMR DEPT-135 of 3(BrCz)IPN-MA (CDCl5).
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Figure 105. "H-NMR of 3(OMeCz)FIPN (CDCls).
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Figure 106. "*C-NMR of 3(OMeCz)FIPN (CDCls).
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Figure 107. 3C-NMR DEPT-135 of 3(OMeCz)FIPN (CDCl5).
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Figure 108. "*F-NMR of 3(OMeCz)FIPN (CDCl5).
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Figure 114. 3C-NMR DEPT-135 of 3(OMeCz)IPN-but (CDCls).
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Figure 116. 3C-NMR of 3(OMeCz)IPN-MA (CDCls).
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Figure 117. 3C-NMR DEPT-135 of 3(OMeCz)IPN-MA (CDCls).
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