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1. Introduction

The challenge of running chemical transformations is inherently linked to the requirement for energy.
Among the various forms of energy, heat has always been the most straightforward solution for
overcoming the kinetic barriers associated with bonds breaking and formation. Most of the industrial
processes developed throughout the decades, including the petrochemical-based productions
established after WWII, relied on massive amounts of thermal energy. Owing to their economic
competitiveness, these conventional synthetic routes are still exploited nowadays to produce almost
all commodity chemicals, which represent the building blocks for countless consumer goods. In the
last few years, however, the rising cost of fossil energy — driven by geopolitical tensions — along with
the growing interest in public opinion for the transition to more sustainable energy sources, is starting
to compromise the economic and social feasibility of energy-demanding industrial processes.
Moreover, the harsh reaction conditions associated with high temperatures impose significant
constraints, particularly regarding the lack of selectivity, thus pushing the search toward alternative

energy forms, capable of providing fine control over reaction products.

Electrochemistry represented the first alternative approach to thermal activation for chemical
synthesis. Since the late nineteenth century, the development of electrochemical industrial processes
—such as chlor-alkali process — demonstrated that electrons could drive large-scale chemical reactions
with high efficiency'. In more recent years, this technique has progressively evolved into a powerful
tool for conducting also redox transformations for fine organic synthesis, mainly thanks to its

selectivity and the tunability of its driving force.

Parallel to this, the study of the ability of natural pigments — such as chlorophyll — in solar energy
harvesting, gave the inspiration for the birth of photochemistry, which relies on photons to promote
molecules to high-energy excited-states, opening the way for reaction pathways inaccessible by heat.
Already in the early XX century, Giacomo Ciamician gave a lecture in which he envisioned a future
where solar energy would power industrial processes, highlighting the remarkable potential of light

for overcoming the kinetic barriers of chemical reactions?.

Despite their promising achievements in catalysis, both electrochemistry and photochemistry still
face significant hurdles when addressing challenging reactions, mainly because of the limited energy
attainable by electrons or photons alone. Therefore, in the last few years, the opportunity to integrate
photochemical and electrochemical processes in homogeneous catalysis is emerging as an effective

solution for merging the advantages of these two so far distinct branches of chemistry, while



mitigating their individual weaknesses. Within this framework, electrochemically mediated
photoredox catalysis (ePRC), which resides at the intersection of traditional electrosynthesis and
photoredox catalysis, effectively combines the power of electricity and light in the same catalytic
cycle to provide high-energy reaction pathways, as exemplified by the cleavage of strong C-Cl and
even C-F bonds to forge new C-C, C-N, or C-P bonds>.

1.1.Electrocatalysis and organic electrosynthesis

The roots of organic electrosynthesis can be dated back to the nineteenth century, particularly in the
pioneering works of Michael Faraday on electrolysis laws* and, shortly after, Hermann Kolbe on
anodic decarboxylations>. For a long time, however, the mainstream practice in organic synthesis has
been dominated by chemical redox reagents, primarily due to the technical complexity associated
with electron transfer kinetics in large-scale reactors. It was not until 1960s that Monsanto developed
the first electrosynthesis industrial process for acrylonitrile hydrodimerization®. Nowadays, the
research in this field is stimulated by the need for sustainable and energy-efficient synthetic routes,

as well as the advancements in analytical technique for mechanistic investigations’?.

In a typical undivided two-electrode electrosynthetic setup, a cathode and an anode are positioned in
a solution containing the organic substrate and a supporting electrolyte. In most cases, only one of
the two electrodes — the working electrode (WE) — produces the desired product, while at the other
one — the counter electrode (CE) — a nonproductive reaction occurs. In the case of a divided cell, a
membrane physically separates the anodic and cathodic compartments, allowing for an improved
selectivity and suppression of side-reactions (Figure 1, left). For both cell architectures, applying a
proper potential difference between the electrodes with an external power source results in the
oxidation or reduction of the substrate. This working modality is usually referred to as direct
electrolysis, because the substrate gains or loses electrons directly at the electrode, leading to a
heterogeneous electron transfer. Conversely, indirect electrolysis involves a redox mediator
(electrocatalyst), which is a soluble species more readily oxidized or reduced than the substrate itself
(Figure 1, right). The mediator acts as the electron transfer shuttle from the heterogeneous electrode
surface to the dissolved substrate or vice-versa; therefore, this second scenario is also termed
homogeneous electrocatalysis. It is worth noting that indirect electrolysis is generally preferred for
organic synthesis, since it offers several advantages over direct one, such as ability to operate at lower

overpotentials, the better chemoselectivity and the suppression of side-reactions’.
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Figure 1. Schematic representation of undivided and divided electrosynthetic cells (left). General scheme for
direct and indirect electrocatalysis (right). Taken from ref. '°.

In principle, electrocatalysis in the context of organic chemistry offers multiple appealing features
when compared to more conventional procedures. To cite the most relevant ones, it enables the use
of renewable energy sources and mild operating conditions (i.e., room temperature, atmospheric
pressure), it minimizes the reliance on often highly toxic stoichiometric chemical oxidants or
reductants, and it allows for the prediction of reaction pathways on the basis of electroanalytical
techniques. Finally, electrosynthesis enables the fine-tuning of driving force and reaction rate simply
by modulating the external potential and the current density, gaining precise control over reaction
progress and selectivity®!!. Nevertheless, this approach still faces significant technical issues, most
notably mass transfer constraints and limited redox window imposed by the stability of the solvent-
electrolyte system. The inherent complexity of electrode-solution interfaces is also a major drawback
of electrochemically driven syntheses, particularly when high potentials are needed. In such
conditions, in fact, reaction control is easily lost as a result of unwanted side reactions, which cause
massive accumulation of reactive intermediates near the electrode surface, leading to passivation and

adsorption phenomena'?.

1.2. Photochemistry and photocatalysis

Light-induced reactions occur on our planet since its formation and are intimately related to the
evolution of life, since a sophisticated series of photochemical and photophysical processes — known
as photosynthesis — made it possible for simple cells to become autotrophic, providing energy for
biological activity and eventually leading to the storage of solar energy into fossil fuels, that still

supply our lives today.



The basic mechanism of organic photochemistry lies in the absorption by a molecule of a photon with
energy equal to the gap between the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO), which results in the promotion of an electron to a higher
energy level. A similar electronic reorganization alters the redox properties of the molecule compared
to the starting configuration. Upon photoexcitation of a stable, closed-shell organic molecule, an
electron is promoted to a singlet excited state. Electronically excited states possess high energy
content and therefore must rapidly undergo deactivation. This can occur through vibrational
relaxation followed by non-radiative decay, so that the energy of the photon is entirely dissipated as
thermal energy transferred to the surrounding medium. Alternatively, radiative deactivation can
proceed through fluorescence, with the emission of a photon from the first excited singlet, or
phosphorescence, which involves intersystem crossing (ISC) to a lower-energy triplet state and the
subsequent emission of the photon!®. All the photophysical events briefly described above can be
summarized in the Jablonski diagram (Figure 2), where the electronic and vibrational states are

horizontal lines and states of different multiplicity are separated horizontally.
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Figure 2. General Jablonski diagram used to depict the ground and excited states of a molecule and the
photophysical processes allowed by selection rules.

Excited states can also achieve deactivation by a variety of chemical processes, given that the energy

gain from the incident photon makes them much more reactive than the corresponding ground states.



The three main mechanisms by which photocatalysis effectively converts light into chemical energy
are (i) energy transfer, (ii) atom transfer — particularly HAT (hydrogen atom abstraction) — and (iii)
electron transfer, also referred to as photoredox catalysis (PRC)'. Therefore, photonic energy can be
selectively targeted to a specifically designed light absorbing catalyst (photocatalyst, PC), which,
upon excitation, promotes reaction pathways toward a target substrate otherwise inaccessible through

thermal activation.

Historically, the field of photoredox catalysis has been dominated by transition metal complexes,
primarily those based on Ruthenium (II) and Iridium (II), owing to their excellent stability and long-
lived triplet excited states'>"!7. However, the need for more sustainable and cheaper photocatalyst has
spurred the development of organic PCs, where photoinduced electron transfer (PET) is provided by
organic chromophores!®2°, Despite their quite common photostability issues, organic photocatalysts

23-25

— ranging from dyes like Eosin Y?! or Rhodamin®? to more modern cyanoarenes®* 2> and acridinium

salts> 27

— exhibit noteworthy advantages over metal complexes, as they enable to tune photophysical
and redox properties through substituent effect, thus attaining very high excited state reduction

potentials.

14.19.28-30 " introducing a

Photoredox catalysis has widely expanded the scope of organic synthesis
paradigm shift from the classical two electron polar mechanism — involving the interaction between
anucleophile and an electrophile — to single electron transfer (SET) pathways. This transition enables
the activation of molecules that lack the traditional nucleophilic or electrophilic character, thereby

granting access to unconventional chemical disconnections®!.

1.2.1. Single-photon excitation

Since the excited state of the photocatalyst (PC*) possesses both a high energy electron in the LUMO
and a hole in the HOMO, it can effectively operate as either a single-electron reductant or oxidant
toward a substrate. Photoinduced electron transfer with the substrate can be accessed by PC*
participating in either a reductive quenching or an oxidative quenching process (Scheme 1). In the
first case, PC* is firstly reduced by an electron donor (D) to generate the ground-state radical anion
(PC™), which subsequently transfers an electron to an electron acceptor (A) to close the catalytic
cycle. Conversely, in the latter case, *PC is firstly oxidized by A to yield a ground-state radical cation
(PC'"), which then extracts an electron from the D to regenerate PC (Scheme 1). Several synthetic

pathways are possible, where A and D can be any combination of a substrate, an intermediate or a



sacrificial oxidant/reductant. The process is redox neutral if both A and D are used productively, or

net oxidative/reductive when a sacrificial redox reagent is needed’'.
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Scheme 1. General PRC mechanism for reductive quenching (left) and for oxidative quenching (right).

The thermodynamic hurdles of such single-photon excitation pathways are governed by two key
factors, namely the limited energy attainable through visible light (up to 3 eV) and the energy loss by
means of non-radiative decay or ISC on the way from light harvesting to substrate activation via PET
(as a rule of thumb, at least 25% of the incident light)*2. Hence, the range of chemical transformations

that can be carried out in such manifold is rather narrow in terms of reduction potentials.

1.2.2. Two-photon excitation

Since increasing the photon energy (i.e., using UV light) is not an option for many applications due
to the risk of photodamage and undesired side reactions, a series of more viable alternatives, which
rely on multiple excitation events, has been developed in recent years in order to engage challenging
moieties. These strategies take inspiration from Nature’s solution to the “3 eV limitation”, which
consists in the accumulation of the energy of multiple photons in photosynthetic pigments to drive
ATP formation. Among the various approaches, comnsecutive photoinduced electron transfer
(conPET), firstly disclosed in 2014%, is probably the most facile and promising one. The general
concept of conPET (Scheme 2) involves: (i) a first excitation of PC; (ii) the subsequent SET from or
to a sacrificial donor or acceptor; (iii) a second excitation event followed by (iv) substrate activation

from the open-shell intermediate in its excited state.
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Scheme 2. General conPET mechanism for reductive quenching (left) and for oxidative quenching (right).

Owing to the energy gain provided by the harvesting of two photons per catalytic turnover, PC** and
PC""* are usually referred to as “super-reductant” and “super-oxidant” species respectively, since, as
will be discussed later, they display superior redox properties, expanding the thermodynamic window

of the accessible reactivity with respect to traditional photoredox catalysis.

Nevertheless, the introduction of a second excitation event introduces further complexity, as the
transient nature of PC™* (or PC*™*) may hamper the overall efficiency of the catalytic cycle. Another
major kinetic bottleneck is represented by the typically limited lifetime of *PC (in the range of ns to
few ps), since this intermediate must live long enough to react with the sacrificial electron donor or
acceptor before decay to the ground state occurs. For this reason, high excitation density or
specifically designed PCs with long-living excited states are mandatory. While remarkable
advancements have been made in designing photocatalysts with persistent excited states, they all must
reach a compromise between lifetimes and the amount of energy attainable, since longer-lived excited

states are usually lower in energy.

It is however worth noting that, despite the constraints linked to the ephemeral nature of the species

involved, conPET has been successfully employed in many synthetic applications, mainly exploiting

blue or green light irradiation®*3234-3¢,



1.3. Photoelectrochemistry

Although photoredox catalysis and electrochemistry share the common feature of open-shell
intermediates generation and therefore are often mentioned together or compared alongside one
another, they historically developed as distinct disciplines, each governed by unique operational
principles and occupying a specific domain within the synthetic landscape. Hence, it was not until
recent years that attention has been paid to the concept of merging these two fields of green chemistry
for synthetic purposes. The evolution toward hybrid systems involving the synergistic combination
of both electrons and photons as energy input in catalysis represents a significant advancement over

single-activation manifolds in order to access increasingly challenging chemical transformations.

According to [IUPAC, all the techniques which combine photochemical and electrochemical methods
for the study of redox chemistry are encompassed under the general term photoelectrochemistry®’.

Thus, a generic classification into two main classes is useful to avoid terminology ambiguity>®:

1) Photoelectrocatalysis (PEC), also known as interfacial photoelectrochemistry (iPEC);
2) Electrophotocatalysis (ePC).

Traditional photoelectrocatalysis typically refers to heterogeneous systems involving photo-active
electrodes — most commonly semiconductors — extensively studied since the 1970s for solar-to-fuel
applications (i.e., water splitting and CO; reduction)***°, and, lately, also for organic synthesis*'. In
this manifold, the semiconductor electrode itself, upon light irradiation, absorbs photons with energy
corresponding to or larger than its bandgap. This triggers the promotion of an electron from the
valence band to the conduction band, leaving a hole in the valence band. Electrons and holes, which
are the required species to perform respectively substrate reduction and oxidation, must remain
separated long enough to migrate toward the electrode-solution interface. Therefore, to suppress
recombination of charge carrier pairs, an external bias (i.e., a constant potential) is applied. For net
oxidative reactions, a n-type semiconductor (photoanode) is used, while net reductive reactions

involve a p-type semiconductor (photocathode).

Analogously to electrocatalytic processes, 1IPEC processes can be distinguished into direct ones, if
the reaction of interest occurs on the photoelectrode surface, and indirect ones, when a mediator
promotes a homogeneous electron transfer and is continuously regenerated at the photoelectrode. The

direct iPEC mechanism is summarized in Scheme 3.
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Scheme 3. Schematic representation of reductive (left) and oxidative (right) direct iPEC.

By contrast, electrophotocatalysis operates in a homogeneous environment, with a molecular
photocatalyst dissolved in solution. Here, the photocatalyst itself is the light-harvesting species, while
the electrode only acts as the external reservoir of electrons or holes, to drive reduction or oxidation
of the photocatalyst. This methodology decouples the external potential bias from the light absorption
event, allowing for superior operational versatility and higher redox potentials over iPEC, where the
same material covers both functions. Moreover, most semiconductors exhibit low ability to harvest
visible photons due to their wide bandgaps, while being much more effective under UV or near-UV
irradiation*!. Molecular photocatalysts, instead, can work also with the low energy part of the visible
spectrum, since their photophysical properties can be fine-tuned through rational molecular
engineering. Nevertheless, ePC faces inherent limitations regarding photodegradation and catalyst

separation, in contrast to iIPEC, which usually provides a more robust, albeit rigid, setup.

Electrophotocatalysis admits a broad array of mechanistic and operational possibilities, but it is
usually useful to distinguish between two main subcategories*’. In the first one — known as
electrochemical recycling photoredox catalysis — the excited state photocatalyst (PC*) — which is
both a better oxidant and reductant than ground state PC — provides SET with the substrate, while the
electrochemical potential simply allows to regenerate the neutral form of PC. Although this strategy
is relatively inefficient due to short PC* lifetimes and the limited accessible redox potentials, it avoids
the use of the stoichiometric sacrificial redox reagents typically required in conventional photoredox
catalysis. These sacrificial reagents can promote undesired side reactions, thereby decreasing

selectivity toward the target products and increasing the complexity of the reaction system>®.



An alternative approach to electrophotocatalysis consists in the use of an electrochemical potential to
convert a nonadsorbing precursor into a reduced (or oxidised) open-shell photocatalyst, which can
then promote SET to or from a substrate. In such manifold, very high excited-state redox potentials
can be reached compared to the previously mentioned approach, while still avoiding sacrificial redox
reagents. This strategy — named electrochemically mediated photoredox catalysis (¢€PRC) and often
abbreviated to electro-photoredox catalysis — is the main focus of this thesis and will be detailed in

the following section.

1.3.1. Electrochemically mediated photoredox catalysis

With the exception of few seminal works in the 1980s****, ePRC has been firstly reported in 2019
47_Since then, this research area has experienced a flourishing interest, spurred by the opportunity to

accomplish demanding reactions for organic synthesis!?#48-52,

The general mechanism of ePRC requires (i) the electrochemical activation of a pre-catalyst (PC), to
access the corresponding radical anion (PC™) or cation (PC™), followed by (ii) excitation of this open
shell intermediate through an incident photon and (iii) single electron transfer with a substrate in the
turnover step. It should be noted that this reaction pathway is reminiscent of that of conPET, except
for the replacement of a chemical redox event with direct electrochemical reduction/oxidation for the
generation of the ground state radical species. Scheme 4 illustrates the generic catalytic cycle for net

reductive and oxidative ePRC quenching.
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Scheme 4. Schematic representation of reductive (left) and oxidative (vight) ePRC quenching.
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Analogously to conPET, electrochemically mediated photoredox catalysis takes advantage of the
extreme redox potential attained by the active form of the catalyst, which eventually arises from the
peculiar photophysical behaviour of radical ions>. Generally speaking, the electronic transition that
occurs after photon absorption from open-shell species involves the promotion of an electron from a
subfrontier orbital to the SOMO (singly occupied molecular orbital), resulting in SOMO-HOMO

level inversion®* (Figure 3).

A. B
LUMO LUMO LUMO LUMO+1 LUMO+1 ~ Lumo
(inaccessible) (inaccessible)
extremely
reducing
i S8 T_ _photon l +e~ T photon 1 l
g SCie Cah LUMO somo HOMO
extremely
oxidizing
HOMO-1 HOMO-1 SOMO HOMO HOMO-1 HOMO-1
catalyst oxidized photoexcited catalyst reduced photoexcited

catalyst

oxidized catalyst

catalyst

reduced catalyst

Figure 3. Orbital scheme for “super oxidants” (a) and “super-reductants” (b) species. Taken from ref. .

In the case of PC™™*, the presence of an electron vacancy in a lower-lying, relatively stable orbital
results in a greater oxidizing power than if this vacancy were created in the original HOMO.
Conversely, for PC™*, the level inversion can be conceptualized as the double population of the
original LUMO of the pre-catalyst, so that a high energy electron is favourably transferred to the
substrate 4% In contrast, neither traditional photoredox catalysis — relying on SET directly via the
frontier SOMO — nor electrocatalysis — based on SET via the Fermi level of the electrode material —
can achieve the potent driving force for electron transfer inherent to systems involving SOMO-

HOMO level inversion’'.

While conPET and ePRC methods are analogous in the nature of the active catalyst and in the scope
of SET reactions, the latter offers distinct features derived from the decoupling of light harvesting
and redox-state management. Firstly, as mentioned above, net oxidative or reductive quenching can
be performed without stoichiometric oxidants or reductants; secondly, ground state radical ions are
generated more efficiently, since diffusion-controlled electron transfer (ET) involving a transient PC*

intermediate affected by fast unproductive decay is replaced with the more straightforward ET at the
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electrode surface. Finally, radical ions absorption spectra are typically red-shifted compared to those
of the parent closed-shell pre-catalysts, enabling the use of lower energy photons, up to the red or

near-infrared (NIR) regions.
Every ePRC catalytic cycle must satisfy three major requirements in order to work efficiently>®:

(1) PC has to undergo a facile SET at the electrode to yield a ground state open-shell
intermediate sufficiently stable for light harvesting to be efficient;

(i1) PC" (or PC™") must absorb light at a different (typically, longer) wavelength than PC;

(iii)  PC™* (or PC™™*) should be long-lived enough to interact with the substrate.

It should be stressed that, in principle, condition (iii) is met only if excited state lifetimes are in the
order of magnitude of nanoseconds, since in slower timescales electron transfer cannot occur
effectively for bimolecular diffusion-controlled reactions®®. Nevertheless, while early proposals
suggested that excited organic radicals directly engage in PET to the substrate molecules, this has
been experimentally substantiated only in few cases, as such excited states are typically extremely
short-lived®’. Instead, it is likely that some of these radical catalysts transform into different species,
which possess significantly longer lifetimes and are thus expected to be responsible for much of the

observed reactivity>®,

Generally speaking, SET from PC™* always yields a radical intermediate, which can then undergo
different downstream transformations with a wide variety of radical trapping agents, providing
numerous opportunities for further functionalization of the cleaved moiety. Reductive ePRC, which
is the key mechanism investigated throughout this thesis, has been implemented to date in many
synthetic transformations. Of particular interest within this context are carbon-halogen (C-X) bond
cleavage of alkyl and aryl halides**, which will be treated extensively in Chapter 1.5, reductive

60-62 and olefin functionalization®*%*. Oxidative ePRC is not

functionalization of C-N or C-O bonds
further treated here; however, it should be mentioned that many noteworthy results have been
achieved in alcohol oxidations, olefin functionalization, N-H arylation, oxidative decarboxylation and

C-H bond functionalization**°,

Moreover, several asymmetric syntheses via both oxidative and reductive ePRC have been recently
disclosed®™®. Finally, ePRC is progressively expanding beyond fundamental organic
transformations, as in the fields of CO; valorisation, bio-hybrid catalysis and living radical

polymerizations, where it could offer unique precision control over complex kinetic landscapes.
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1.4. Carbon-halogen bond cleavage via ePRC

The single-electron reductive cleavage of carbon-halogen (C-X) bonds of alkyl and aryl halides
represents a relevant strategy for generating carbon-centred radicals in modern synthetic chemistry.
Indeed, while C-X bonds can be manipulated via different ionic pathways — such as nucleophilic
substitution or transition-metal catalysed cross-coupling reactions’® — the SET-driven reductive
cleavage offers a route for forming new C-C and C-heteroatom bonds that bypass traditional steric
and electronic constraints of polar mechanisms, while working under milder environments (i.e.,
ambient temperature and absence of strong bases or reactive organometallic species). Hence, this
approach is particularly relevant for late-stage functionalization of complex molecular architectures,
where the C-X bond represents a latent, site-specific handle to execute precise structural
modifications on complex molecular scaffolds without disrupting sensitive motifs elsewhere in the

molecule’?.

Furthermore, C-X cleavage via SET unlocks access to a diverse array of chemical modifications, as
the radical intermediate can engage in several downstream processes — namely (i) hydrogen atom
abstraction, (ii) addition to a heteroatom trapping agent, (iii) addition to an unsaturated partner in a
C-C coupling reaction and (iv) reduction to a carbanion. In the latter case, further reactions can occur,

such as protonation, elimination of an a-leaving group or electrophilic trapping®.

Beyond organic synthesis, this reaction pathway holds significant potential for environmental
remediation, particularly regarding the degradation of persistent halogenated organic pollutants,
including poly- and perfluoroalkyl substances (PFAS). In this context, the injection of an electron
directly into the 6* antibonding orbital of the C-F bond represents an efficient strategy to cleave these

notably stable bonds, typically refractory to conventional degradation methods’"".

Historically, the cleavage of strong, recalcitrant C-Cl and C-F bonds in unactivated aryl halides under
benign conditions remained largely inaccessible: even though strongly reducing, visible light active
photoredox catalysts have been developed, the extremely negative reduction potentials of such
substrates (up to -3 V vs SCE) places them beyond the energetic limit>>’3. Similarly, while traditional
electrocatalysis could theoretically achieve such reductions at sufficiently negative cathodic
potentials, the harsh operating conditions required preclude its application in complex syntheses. As
a consequence, methods that exploit single photonic or electrical inputs for inducing SET to C-X
bonds were long limited to aryl bromides and iodides — significantly easier to reduce — or to aryl

chlorides and fluorides bearing electron-withdrawing groups.
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A pivotal milestone in the transition toward super-reducing photocatalysts occurred in 2014, when
the Konig group pioneered conPET for the activation of aryl chlorides under blue light*>. This
breakthrough spurred the development of several ePRC methodologies for analogous

transformations, which proved particularly effective in terms of dehalogenation yields>’.

1.4.1. Typical catalysts for ePRC

Typical organic catalysts for carbon-halogen bond activation via ePRC are usually selected among
well-known conPET photocatalysts, and they consist of a highly conjugated aromatic structure, that
favours light harvesting in the visible region (Figure 4). In order to be implemented in ePRC
protocols, these catalysts must possess PC™* reduction potential more negative than that of the target
C-Xbond (i.e., 4G st < 0), while providing sufficiently long-lived super-reducing species to permit
diffusion-controlled ET. Furthermore, electrochemical and photochemical stability are essential.
Good solubility and compatibility with electrochemical media — specifically regarding solvents and

supporting electrolytes — are also crucial to maintain a homogeneous reaction environment.
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Figure 4. Structures of typical ePRC organic photocatalysts, grouped by common molecular architectures
(Ar = 2,6-diisopropylphenil; Cz = carbazole).
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Naphtalene-based analogues such as naphthalene monoimide (NMI) and naphthalene diimide (NDI)
are well-known potent reductants in their open-shell excited state, generated under blue-light
irradiation™ (e.g., E°yminmr— = —4.05V vs SCE under 440 nm light)”. The extension to the
perylene core — such as in perylene monomide (PMI) and perylene diimide (PDI) — significantly
enhances light-harvesting capabilities by shifting the radical anion absorption profile toward the
visible and infrared regions; however, this also results in lower reducing power, precluding the
activation of recalcitrant halides’®. Nevertheless, PDI exhibit also a stable closed-shell reduced form

(PDI?), whose excited state demonstrates higher reactivity toward dehalogenation’’.

9,10-diphenylanthracene (DPA), despite its modest reduction potential, represents the first catalyst
reported for ePRC-mediated C-X reductive cleavage’®. Its structural analogue — 9,10-

dicyanoanthracene (DCA) — provides significantly higher reduction power (E°pca/pca— =

—3.20 V vs SCE under blue light)*”, but suffers from high oxygen and moisture sensitivity.

3,6-di-tert-butyl-9-mesityl-10-phenylacridin-10-ium (Mes-Acr) radical and its derivatives are also
potent reducing agents (E°yes—acr/mes—acr— = —3.36 V vs SCE under 390 nm light)””. However,
their use for C-X activation is currently restricted to conPET methodologies, as the partial spectral

overlap between their cationic and radical forms complicates the selective excitation of the latter.

Cyanoarene chromophores derived from isophthalonitrile are ubiquitous photocatalysts in organic
synthesis. Among these, 2.,4,5,6-Tetrakis(diphenylamino)isophthalonitrile (4DPAIPN) and 2,4,5,6-
Tetrakis(9H-carbazol-9-yl) isophthalonitrile (4CzIPN) represent the most prominent examples. Such
molecules embody the “donor-acceptor” design principle, as the general structure features an
electron-withdrawing core (isophthalonitrile), surrounded by electron-donor moieties, such as
carbazolyl or diphenylamine units. As a consequence, upon photoexcitation, the charge migrates from
the peripherally located HOMO onto the core-centred LUMO, effectively mimicking metal-to-ligand
charge transfer (MLCT) of transitions-metal complexes. However, due to the large torsion angles
between the n-systems of the core and appended groups, the overlap between HOMO and LUMO is
negligible, resulting in a small energy difference between singlet (S1) and triplet (T1) excited state.
As a consequence, after efficient intersystem crossing and population of Ti, thermally-induced
reverse intersystem crossing occurs, driven by the small Si-T; energy gap®®®2. This photophysical
behaviour — known as thermally-activated delayed fluorescence (TADF) — significantly extends PC*

23,24

lifetime, leading to more efficient conPET catalytic cycles Nonetheless, cyanoarene

chromophores have not yet been implemented in ePRC-driven C-X bond cleavage reactions.
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1.4.2. Analytical tools for ePRC systems: Transient absorption spectroscopy (TAS)

The operational efficiency of photocatalyst involved in electrophotochemical processes is determined
by the dynamics of short-lived doublet excited states generated after light absorption. Transient
absorption spectroscopy (TAS) —also referred to as ultrafast spectroscopy or flash photolysis — serves
as the primary tool for studying these phenomena with ultrafast temporal resolution (up to few

femtoseconds), in order to measure photophysical parameters and to elucidate reaction mechanisms.

TAS measurements rely on the pump-probe principle: a high intensity laser pulse (pump) excites the
radical anion from the ground state (Do) to a doublet excited state (Dn); after that, a lower-intensity,
broadband light pulse (probe) is focused on the sample at variable time delays (Af) relative to the
pump (Figure 5a). By comparing the absorbance of the probe pulse through the excited sample versus
the absorbance of the ground state sample in the full spectral range, the change in optical density
induced by the pump pulse (A4) can be derived as a function of the wavelength (1). The resulting

TAS spectrum (AA4 vs 1) is characterized by three distinct signals (Figure 5b)*¥-%:

(1) Ground state bleaching (GSB): a negative signal appears in the spectral region where the
ground-state radical anion absorbs light, as a result of the depletion in ground-state
population after the pump pulse.

(1)  Excited state absorption (ESA): a positive signal originates from the light absorption by
excited species during their transition to even higher excited states. This band provides
crucial information on the electronic structure of the excited state itself, while its decrease
in intensity as a function of Af allows to calculate its lifetime.

(i11)  Stimulated emission (SE): a negative signal results from the excited state being “forced”

to relax to the ground state by the probe pulse, with the emission of a photon.
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Figure 5. Operating principle of TAS (a) and characteristic signals in the spectrum (b). Taken from ref.*.

16



1.4.3. Analytical tools for ePRC systems: Cyclic voltammetry (CV)

The widespread adoption of TAS in daily laboratory practice is significantly constrained by its
requirement for sophisticated instrumentation, highly specialized personnel and substantial capital
investments. Therefore, in recent years, electrochemical techniques were proposed as a
complementary analytical tool for studying ePRC systems. In this context, the theoretical framework
for quantitative cyclic voltammetry (CV) investigations has been established by Costentin in 2020,
followed by the first experimental investigation of excited state dynamics by CV conducted by our
group’’. In a typical CV experiment under visible light irradiation, a pre-catalyst (PC) diffuses in
solution and can be reduced to PC™™ at the WE surface. This radical anion is the only species which
absorbs light to generate the excited state (PC™*). While diffusing, the excited state can evolve in
three ways: 1) nonradiative deactivation; ii) reaction with a substrate, regenerating PC; and iii)

reoxidation at the electrode surface, also regenerating PC (i.e, back electron transfer, BET).

A peculiar aspect of CV under irradiation is that alters the mass-transport regime during the
voltammetric scan. If no incident light is present, and provided that the scan rate is not too slow (i.e.,
> 20 mV/s), mass transport can be assumed to occur under semi-infinite linear diffusion, meaning
that it is not significantly perturbed by natural convection (Figure 6a). The diffusion layer thickness
(0) defines the maximum region of solution in which the photocatalytic process can occur, because
PC™ concentration is negligible beyond this layer. Under dark conditions, ¢ continuously increases
over time. Upon irradiation, however, this behaviour no longer holds. Light absorption by PC™,
followed by non-radiative decay, generates a local increase in temperature near the electrode surface,
thus causing convective motions®’. As a consequence, & rapidly reaches a stationary value, which is
a function of the photon flux passing through the diffusion-reaction layer, and the mass transport

regime shifts from semi-infinite to finite diffusion (Figure 6b)°%"7.

a) Semi-infinite 1D diffusion b) Finite 1D diffusion
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Figure 6. Semi-infinite diffusion condition (a) and finite diffusion condition due to local heating (b).
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Overall, the effect of light irradiation alone on the CV trace of PC is an increase in the cathodic current
and a decrease in the anodic one. When a substrate that is readily reduced by PC™* — but not by PC™
— is added in solution, the CV response shows a dramatic change: the cathodic current increases
significantly, with the wave becoming irreversible (i.e., the anodic peak decreases) (Figure 7). This

response clearly indicate electrophotocatalysis occurring under irradiation at the electrode surface”’.

Substrate

Figure 7. Effect of light and of substrate addition on the CV trace for ePRC systems. Taken from ref. *°.
(Note that here the applied potential becomes more negative from left to right).

Given that the magnitude of the cathodic current enhancement directly relates to the kinetics of the
homogeneous electron transfer step to the substrate, CV can provide fundamental quantitative
parameters — such as the SET rate constant — that are complementary or independent from that
extracted from TAS. In turn, these kinetic measurements allow to gain fundamental mechanistic

insights on the reaction taking place, eventually helping in rationalizing the design of ePRC processes.

1.4.4. Mechanistic debate in excited state quenching dynamics

One of the most fundamental principles in photophysics — known as Kasha’s rule — states that “the
emitting electronic level of a given spin multiplicity is the lowest excited level of that multiplicity”%®.
In contrast, higher excited states rapidly undergo internal conversion (IC) to the lowest excited state
before photon emission can occur. By analogy, photochemical reactions are generally observed to
proceed from the lowest singlet or triplet excited state, which is typically longer-lived. Nevertheless,
to account for unexpected high-energy reactivity, some transformations are thought to occur before
internal conversion to the lowest excited level is complete (i.e., directly from higher excited states),

a behaviour referred to as “Anti-Kasha” (Figure 8)%.
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Figure 8. Energy diagram of Kasha reactivity (left) and Anti-Kasha reactivity (vight). Adapted from ref. *°.

Given that the maximum reaction rate for diffusion-controlled bimolecular reactions in solution is
approximately 10° s™! at typical substrate concentrations, PC** lifetime (o) must extend into the
nanosecond regime for ET (rate constant kgr) to effectively compete against IC (rate constant kic =
1/70)*°. However, as previously hinted, recent investigations into doublet excited states higher than
D; involved in ConPET and ePRC catalytic protocols have uncovered a central kinetic paradox: many
of these upper-lying energy levels are extremely short-lived — usually, on the picosecond or
femtosecond timescale — yet they manage to drive efficient SET processes with recalcitrant substrates.
As a result, Anti-Kasha bimolecular quenching cannot be invoked to justify the observed super-
reducing properties. Eventually, it appears clear that the level of complexity of ePRC and conPET
systems transcends the traditional photocatalytic framework, requiring further understanding of the

fundamental photophysical principles underlying SET from high-energy, elusive species>®1%2,

In this context, four different hypotheses have been advanced to date to account for reactivity beyond

the thermodynamic limit dictated by Kasha’s rule (i.e, at energies higher than that of D1):

1) Preassociation: rather than relying on a diffusion-controlled encounter in solution, the catalyst
and the substrate may reversibly form aggregates, ion-pairs or charge transfer complexes in the

ground state (Scheme 5).

o— h =
+ Sub [PC™ e Sub] v [PC™ - Sub]* —ser —> PC + Sub™”

PC™
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Scheme 5. General scheme of preassociation phenomena prior to excitation and SET.
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When the radical anion of the catalyst is promoted to the excited state, the electron donor and
acceptor are already in contact, allowing SET to occur on a timescale that can compete with rapid
non-radiative decay. In principle, many of the catalyst involved in C-X bond cleavage reactions
(Figure 4) could form weak n-stacking interactions with aryl halides. If this is the case, one should
expect that increasing the substrate concentration leads to diminishing improvement in reaction
performance once these concentrations become high enough, due to saturation of the preassembly
equilibrium®. In contrary, preassociation contribution should become negligible at very low
substrate concentrations, eventually leading to no catalysis under very diluted conditions. Overall,
experimental evidence supporting preassociation remain heavily debated, as weak interactions

have been observed only for specific catalysts and with sophisticated TAS measurements®”*% 4,

2) Solvent reduction: in extremely reductive regimes, the thermodynamic driving force of PC™* is
theoretically sufficient to directly reduce the solvent or components of the supporting electrolyte.
Although this reaction pathway could rationalize SET rate constants exceeding the diffusion limit,
experimental evidence of solvent-derived radical anions are scarce — having been documented
only for some neutral quinolinoacridine radicals® — thereby precluding solvent reduction as the
primary pathway for productive C-X activation.

3) In-situ generation of photoactive decomposition products. for some systems, SET to the substrate
is suspected to proceed via closed-shell degradation products, which result from rapid structural
rearrangement or decomposition of radical anion intermediates. Prominent examples of this
reaction pathway in the literature include the abovementioned DCA and NMI. In the case of NMI,
Nocera et al. suggested that the radical anion reacts by an ECE (electrochemical-chemical-
electrochemical) process, where the chemical step involves the reaction with an H" ion, to

generate the closed-shell Meisenheimer product [NMI(H)]" (Scheme 6)°°.
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Scheme 6. Two-electron reduction of NMI to form the closed-shell Meisenheimer complex.
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4)

The singlet excited state of [NMI(H)]" is proposed as the true photoactive catalyst, as it is
significantly longer-lived compared to the NMI radical anion. Similarly, DCA is thought to react
with trace oxygen gas to form the doubly reduced 10-cyanoanthrolate [DCA(H)]", which excited
state lifetime also extends to the nanosecond regime, allowing for SET to occur’’. However, the
involvement of closed-shell species cannot fully explain the successful activation of many inert
aryl halides — proved both for NMI and DCA — as the reduction potential of such degradation

products is rather less negative than that of the parent radical anions’®.

Photo-detachment of solvated electrons: in the last two years, an increasing number of ultrafast
spectroscopy studies revealed that long-lived solvated electrons are generated upon excitation of
several radical anions in acetonitrile, suggesting them as the active reducing species. A solvated
electron is the smallest possible anion that can be stabilized through electrostatic interactions with
the solvent. Historically, the concept of solvated electrons traces back in 1808, when Sir Humpry
Davy firstly described the deep metallic blue colour formed when potassium crystals were heated
in the presence of ammonia vapours®. It was only a century after that it became clear that the
intense colour of alkali metals dissolved in liquid ammonia stems from electrons stabilized within
a solvent shell'®. In classical synthetic chemistry, solvated electrons have been exploited since
the 1940s in the well-known Birch reduction, as well as in other reductions involving the
dissolution of metals in solution'®!. In recent years, spurred by mechanistic studies on electron
ejection from organic dyes in the excited state, metal-free, visible-light driven Birch-type

reactions have been developed in alcoholic solvents'®?

. While in protic media — typically, water
and alcohols — solvated electrons have been extensively characterized and successfully harnessed
to drive chemical reactions, their generation and dynamics in the aprotic organic solvents used in
ePRC protocols, such as acetonitrile (MeCN) and dimethylformamide (DMF), have been

exclusively investigated from a mechanistic point of view by means of pulsed radiolysis'®*1%,

Building upon these spectroscopic foundations, in 2024 Ceroni et al. provided the first
experimental evidence of the photo-ejection of solvated electrons in MeCN from the higher-lying
excited levels of 4DPAIPN and 4CzIPN radical anions'”’. Shortly thereafter, Nocera et al.
demonstrated the generality of this phenomenon by observing the same behaviour across other
established photoactive catalysts for C-X reductive cleavage, such as NMI, DCA and Mes-Acr®s.
In both studies, the solvated electron was detected using extremely sensitive (temporal resolution
up to hundreds of femtoseconds) flash photolysis equipment, upon excitation with a laser pulse

wavelength tailored to the specific radical anion.
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Consistent with the previously reported pulse radiolysis experiments in MeCN!% the
characteristic signal of the solvated electron in the TAS spectrum appears as a broad, featureless
ESA band peaking at ca. 1440 nm (Figure 9a). For all the mentioned catalysts, the decay of this
signal is multiexponential, with lifetimes ranging from hundreds of picoseconds to few

nanoseconds (Figure 9b).
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Figure 9. TAS spectra at different delays of a degassed acetonitrile solution of 4DPAIPN " (a) and the
corresponding AA temporal evolution at significant wavelengths (b). Excitation wavelength: 600 nm;
solution absorbance = 0.22; 0.2 cm optical path; 8uJ laser pulse. Taken from ref. '%".

Remarkably, this level of accuracy was not accessible until recent years, due to the modest
lifetime of the solvated electron in aprotic media and to the previously too low signal-to-noise
ratio in the NIR region of the TAS spectrum. Conversely, in protic solvents, a more efficient
cavity stabilization leads to longer lifetimes and to absorption bands in the visible region, thus
facilitating the characterization of solvated electrons. Overall, these experimental data suggest the
photogeneration of solvated electrons as a highly efficient pathway for circumventing the inherent
kinetic bottleneck of the excited state lifetime, as the electron ejection process provides

significantly longer-lived reducing agents.

Ultimately, although the photoejection of solvated electrons is currently the most compelling

explanation for the mechanisms of high-energy ePRC and conPET reactions, the idea that these

processes proceed through a single, uniform pathway appears overly simplistic. Instead, multiple

pathways may operate in parallel, with their relative contributions depending on the nature of the

catalyst and the operating conditions. One of the aims of this thesis is to investigate the mechanism

of electron ejection from excited-state organic dyes, and the role of solvated electrons in the reduction

of strong carbon—halogen bonds.
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1.4.5. Dissociative electron transfer (DET) and fundamentals of Marcus-Hush theory

The process consisting of a single-electron injection to a carbon-halogen ¢ bond (R-X) and resulting
in its cleavage into a carbon radical and a halide anion is generally known as dissociative electron
transfer (DET)!%®. Savéant and co-workers proposed two alternative mechanisms for DET: concerted
DET (CDET) and stepwise DET (SDET). In the former, the SET step and the bond breaking occur
simultaneously, while the latter proceeds in two steps via a radical anion intermediate (RX") (Figure
10a). Accordingly, these mechanisms correspond to two different reaction energy profiles (Figure
10b). For CDET, Savéant also developed an additional variation, named sticky model, in which R’
and X~ fragments interact within the solvent cage via ion-dipole forces, leading to a reduction of the

activation energy compared with traditional CDET!%%110,

For alkyl halides, CDET is generally favoured, since the accommodation of the incoming electron in
the LUMO — an antibonding c* orbital — would form a high-energy intermediate, which cannot be
stabilized. Conversely, for aryl halides, the direct attachment of the halogen atom to the aromatic ring
allows the accommodation of the incoming electron on a lower-energy n* orbital, rendering RX"™
stable enough to live at least longer than a molecular vibration. The following discussion will

specifically focus on SDET pathway, as only aryl halides have been investigated in the present work.
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Figure 10. Mechanisms for DET processes (a) and relative energy profiles (b), adapted from ref. ''°.

In general, bimolecular ET processes such as DET are governed by the following relationships!!!-!12:

AG*
ksgr = Ky kv, exp ~ =T (1.4.1)
(AG® + 2)?
e — 7 1.4.2
AG ) (1.4.2)
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Equation 1.4.1 is the Marcus-Sutin adaption of Eyring equation, where K}, is the equilibrium constant
for the formation of the precursor complex, k (0 < k < 1) is the electronic transmission coefficient
(further described in the next paragraph), v, is the nuclear frequency factor for motion along the
reaction coordinate, and AG¥ is the activation energy. Equation 1.4.2 is the classical Marcus

relationship between AG* and the driving force (AG®), in which A is the total reorganization energy.

The complex reality of electron transfer is generally simplified with two free energy surfaces, one
representing the reagents and the other one representing the products. The electronic transmission
coefficient k is defined as the probability that the system, having reached the transition-state nuclear
configuration, actually crosses from the reactant to the product electronic surface, rather than
remaining on the reactant surface. The value of k distinguishes two limiting regimes of ET. In the
nonadiabatic regime (Figure 11la), electron transfer is constrained by the Born-Oppenheimer
approximation: the energy barrier is overcome by thermal activation, and the electron crossing occurs
via tunnel effect, according to Frank-Condon’s principle. As a consequence, the reaction probability
is less than unity (k << 1): even when the nuclear configuration reaches the optimal transition-state
geometry, the system may remain on the reactant surface. This happens when the electronic coupling
matrix element between the HOMO wavefunction of the electron donor and the LUMO wavefunction
of the acceptor (Hp,) is weak; in such a case, kg is proportional to Hp 2. In the adiabatic regime
(Figure 11b), ET proceeds via continuous motion along the nuclear reaction coordinate, with k = 1.
This regime is reached as Hp 4 increases to the point that the electronic frequency associated with the
coupling approaches or exceeds the nuclear frequency; here, the Born-Oppenheimer approximation
is instead violated, as nuclear and electronic motion become correlated. In practice, once this adiabatic

limit is reached, the maximal rate constant is dictated by v,, rather than by Hp 4113.
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Figure 11.Nonadiabatic (a) and adiabatic (b) ET represented by free energy surfaces. Taken from ref.
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1.5. Reversible-Deactivation Radical Polymerizations (RDRPs)

The 1950s marked the foundation of the modern polymer industry, as novel polymerization
techniques rapidly scaled to meet the increasing global demand for commodity materials, promoting
a fundamental shift in consumer patterns and permanently embedding synthetic plastics into
everyone’s daily lives''*!!3. At the core of this revolution stood fiee radical polymerization (FRP),
which established itself as the industrial gold standard for the polymerization of vinyl monomers.
FRP relies on a radical chain mechanism characterized by rapid initiation and propagation, where
growth and termination of propagating chains occur through random, unselective radical collisions.
For commodity plastics, rubbers and fibres, where bulk properties are prioritized over precise
molecular architecture, this stochastic nature of FRP mechanism was, and still remains, an advantage
more than a drawback, since it enables robust, cost-effective and high-throughput productions.
However, FRP suffers severe limitations when precise control over polymer composition, topology,
architecture and chain length distribution is sought. Indeed, the occurrence of undesirable chain
transfer and termination reactions results in a broad chain length distribution, as a consequence of

“dead” chain formation throughout the process, which are inactive in further monomer addition.

To further expand the boundaries of macromolecular chemistry into high-performance, highly-
specialized polymers, characterized by well-defined morphological and compositional features
(Figure 12), new polymerization techniques that suppress or control irreversible termination and chain

transfer reactions have been developed.

Composition eeeeeeeese e 98 eCe ® Composition, topology, and functionality

Homopolymer Statistical
Block copolymer Periodic Gradient
Topology N 2¢ 5oL
Linear Side chain,
O % W block copolymer brush
Cyclic  Star Graft  Network  Hyperbranched £ Cyclic gradient

Functionality L Noosm o

Macromonomer  End functional
% SWS e W Pom-pom, Multifunctional

Multifunctional  Side functional Telechelic grafted block copolymer  (miktoarm) star

Figure 12. Examples of different polymer composition, topology and functionality provided by RDRP.
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While “living” anionic polymerization of styrene — pioneered in 1956 — represented the first example

16,117 "it was not until the 1990s that similar

in this regard for the manufacturing of block copolymers
levels of precision became finally accessible also via radical chemistry, marking the advent of
reversible-deactivation radical polymerizations (RDRPs)!'®. The term RDRP has been designated by
IUPAC in 2010 as comprehensive of all chain polymerizations propagated by radicals that are
deactivated reversibly, bringing them into active-dormant equilibria''®. Importantly, these equilibria
must be shifted toward the dormant form of the propagating chain, so that the concentration of
propagating radicals remains constantly low, thus minimizing unwanted chain transfer and
bimolecular terminations by radical coupling or disproportion. Additionally, the interconversion

between the active and dormant species must be rapid compared to monomer addition, in order to

achieve simultaneous growth of all polymer chains.

The recent IUPAC definition encompasses the rather confusing array of terms formerly introduced
by different authors, such as controlled radical polymerization (CRP) and living radical
polymerization (LRP). Unlike “living” polymerization, which strictly implies the absence of
bimolecular radical terminations, RDRP acknowledges that while termination is suppressed by

keeping low the radical concentration, it is never entirely eliminated'’.

All RDRPs share common peculiar aspects, arising from the coupling of the usual radical initiation,

propagation and termination steps to the simultaneous reversible deactivation of active radicals'?!:

1) Chain end fidelity. Because of the predominance of dormant chains over propagating ones —
typically, less than one propagating radical every 10° dormant species'?> — the probability of
bimolecular interactions between active radicals drastically diminishes compared to FRP.
Consequently, the “dead chain” fraction remains virtually close to zero throughout the
polymerization process, with most of the propagating chain retaining their chain end functionality
at the end of the reaction. This distinctive feature allows the polymer chains to be extended in the

presence of additional monomers, leading to topologically complex macromolecules.

2) Narrow distribution of molecular weights. For RDRPs, initiation rate and active/dormant chain
equilibration are significantly higher than propagation rate. A fast initiation guarantees that all the
propagating radicals start growing simultaneously, while a fast deactivation allows limited
monomer addition before the dormant state is established. As a result, all polymer chains
incorporate nearly the same number of monomer units and ultimately reach very similar molecular

weights. The distribution of molecular weights is typically quantified through dispersity (D),
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3)

4)

which is defined as the ratio between mass average molecular weight (M,,) and number average
molecular weight (M,,). By convention, a polymerization process is considered “controlled” when
D < 1.5; while for FRP this value typically approaches 2 or more, for RDRPs it is possible to

obtain polymers very close to be defined monodisperse, especially at high monomer conversions.

First-order kinetic behaviour. The polymerization rate (Rp,) can be written as:

R, = —%l\:] = I, [P*][M] (1.5.1)

where kj, is the propagation kinetic constant, [P°] is the propagating species concentration and
[M] is monomer concentration. Given that the negligible contribution of irreversible termination
makes the concentration of the active propagating species approximately constant, Equation 1.5.1

can be linearized as follows:

[M]o
[M]

In = kp[P']t = kpapp 't (1.5.2)

resulting in a first-order kinetic law ruled by an apparent polymerization constant (Kp app)-

Pre-determinable degree of polymerization (DP). Since under the conditions mentioned above
the number of growing chains should be equal to the number of initiator (I) molecules present at
the beginning, the reagent stoichiometry determines the average number of monomer units per
chain (i.e., the predicted DP at full conversion). Therefore, polymers with predetermined M,, can
be easily achieved just by choosing the initial concentrations and running the reaction until a
specific conversion is reached. The relationship linking DP with conversion is the following

(where MW is the molecular weight):

_ MWeolymery _ [Mo  [Mlo — [M]: _ [Mlo
MW(monomer) o [M], Mo

DP - Conversion (1.5.3)

Three classes of RDRPs can be distinguished according to the type of activation mechanism'?°:

(1)

Stable radical-mediated polymerization (SRMP), where a stable radical couples with the
active radical and reversibly forms dormant covalent species (activation-deactivation
equilibrium). Within this class, nitroxide-mediated radical polymerization (NMP), in which
the deactivation step involves coupling with stable nitroxide (more properly, aminoxyl)

123,124

radicals , 1s historically the most studied and developed methodology.
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(i)  Atom-transfer radical polymerization (ATRP), in which deactivation occurs through
reversible halogen atom transfer from a higher oxidation state metal complex to the
propagating radical. ATRP, independently presented in 1994-1995 by Matyjaszewski’s'?® and
Sawamoto’s!?® teams, has progressively evolved into numerous specialized variants

throughout last two decades'?’.

(ii1)  Degenerative chain-transfer radical polymerization (DTRP), based on the reversible
exchange of a labile end-group between a dormant chain and an active macroradical. The
seminal DTRP technique — reversible addition-fragmentation chain transfer (RAFT),

developed in 1988 by Rizzardo et al.'?®, is currently the most relevant and widespread one.

These three general approaches to the RDRP concept are summarised in Scheme 7. Mechanisms (i)
and (ii) are controlled by a process called persistent radical effect (PRE): propagating radicals are
trapped by stable radical captor species, thereby maintaining low the instantaneous active radical
concentration'?’. In contrast, DTRP functions independently of the PRE, since activation-deactivation

equilibrium is achieved through rapid transfer of radical functionality between chains.

ke A
k, K
() Pp—X P, +X
ka
M),
ke A
k, K
(i) Pp—X +MM™L _—>~ P, + X—M™IL
ka
M
kp
ke A ke A
T l" Kexc 'In
(i) P,—X + P ——— P, + P;—X
), )
kp kp

Scheme 7. General mechansisms of (i) SRMP, (ii) ATRP, (iii) DTRP, where k, = activation kinetic constant;
ka = deactivation kinetic constant; k, = propagation kinetic constant; k; = termination kinetic constant;
Kexe = exchange equilibrium constant.
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1.5.1. Overview of traditional RAFT polymerizations

The RAFT process is now a widely recognized polymerization technique, and it has been extensively
adopted beyond polymer synthesis laboratories as a tool to generate materials with a broad range of
applications, spanning from materials science to medicine. These include block, star, branched,
hyperbranched, network, stimuli-responsive and surface-grafted copolymers, as well as nanoparticles

and nanocomposites 30133,

In RAFT polymerizations, the radical exchange equilibrium is established using a chain transfer agent
(CTA), also referred to as RAFT agent. The general structure of the most representative CTAs —
thiocarbonylthio compounds — is depicted in Scheme 8, where X and A are both sulphur atoms, Z is
a varying substituent and R is an alkyl chain. Different CTA families, such as trithiocarbonates,

dithiocarbamates, dithiobenzoates and xanthates, are identified on the basis of the Z group.
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Scheme 8. Typical CTA structures. From left to right: generic CTA structure, trithiocarbonates,
dithiocarbamates, dithiobenzoates, xanthates.

One of the major features of RAFT polymerization is its ability to polymerize an extensive range of
both “more-activated” monomers (MAMSs), which possess a carbonyl group conjugated to a double
bond, and “less-activated” monomers (LAMs), which exhibit a double bond adjacent to oxygen,
nitrogen, halogen, sulphur lone pairs or to a saturated carbon'**. The versatility in monomer
compatibility arises from the reactivity of the CTA, which depends on the choice of Z and R groups'’.
The role of Z is to modulate the reactivity with respect to the target monomer and to provide stability
to the radical intermediate formed after radical addition, while the nature of R mainly affects the

fragmentation step, as R* should be a better homolytic leaving group than the propagating radical.

The RAFT kinetic scheme encompasses the well-known steps of free radical polymerization (i.e.,
initiation, propagation, termination and transfer processes), onto which the reactions associated with
the RAFT equilibrium are superimposed. A generic RAFT polymerization mechanism involving a

thiocarbonylthio CTA is presented in Scheme 9.
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1) Initiation and propagation
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Scheme 9. Conventional RAFT mechanism.

In conventional RAFT methods, a thermal radical initiator, typically 2,2-azobisisobutyronitrile
(AIBN), benzoyl peroxide or potassium peroxydisulfate, provides the initiating radicals (I*), which
can add monomer units to form propagating chains (P,"). After initiation and propagation, two
subsequent RAFT equilibria may be distinguished!*°. One refers to the pre-equilibrium period, where
P," adds to the C-S double bond of the starting CTA, yielding a radical intermediate. In turn, such

intermediate rapidly fragments either backwards to the reactants or forwards, to produce a macroCTA

30



and a new propagating radical (R"), derived from the R group, which also adds monomer units to
form P,,". After consumption of the small-molecule CTA, rapid exchange of P, and P,," occurs via
a polymeric radical intermediate in the so-called main RAFT equilibrium. The copresence of a vast
majority of dormant polymeric RAFT agents and a tiny fraction of propagating radicals throughout
the process ensures an equal probability for chain growth, while suppressing dead chains formation.
Retention of the thiocarbonylthio groups in the final polymer chain end is responsible for the living

character of RAFT polymerization.

In order for the process to be controlled, the rate of the addition-fragmentation equilibrium must be

higher than that of propagation, so that less than one monomer unit is added per activation cycle'**.

In a RAFT process, the theoretical number average molecular weight of the polymer is given by:
M, 1, = Conversion - MW nonomer) * DPo + MWcra) (1.5.4)

where DP, is the DP at full conversion (target DP), calculated according to Equation 1.5.3 as follows:

[M]o
[CTA]o

DP, = (1.5.4)

1.5.2. Electrochemically-mediated RAFT polymerizations (eRAFT)

A continuous supply of radicals is essential in RAFT due to the unavoidable termination processes.
The classical initiation route — thermal decomposition of radical sources — typically requires
temperatures between 50 and 70°C. However, such temperatures may not be suitable for some
functional monomers or for biological or thermoresponsive systems. For this reason, alternative

radical generation methods, such as electrical current or light irradiation have been proposed.

Electrochemically-mediated ATRP (eATRP) pioneered the use of electricity in RDRPs and has now
evolved into a well-established technique, which benefits from spatiotemporal reaction control, in
addition to the “green” character inherent to electricity-driven organic synthesis'*’. In contrast, only
few electrochemically-mediated RAFT polymerizations (eRAFT) have been developed until now,

due to the challenging and largely unexplored electrochemical reactivity of RAFT agents'®.

In direct eRAFT, the CTA is reduced to the corresponding radical anion directly on the electrode
surface (Scheme 10a). Conversely, mediated eRAFT exploits a mediator species that carries out the

CTA reduction in solution and is regenerated at the electrode, thus converting a heterogeneous ET to
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a homogeneous one (Scheme 10b). Importantly, the reduction of the mediator must occur at more
positive potentials than the reduction of all the other species involved in the process. Small
unconjugated molecules proved to be inefficient mediators, likely because of side-reactions such as
radical-radical coupling, while mediators with highly conjugated structures effectively minimize

these unwanted processes'.

.............................................

Scheme 10. Direct e-RAF'T (a) and mediated eRAFT (b) mechanisms.

For direct eRAFT, the selection of the applied potential at the WE should be finely regulated for the
specific CTA-monomer couple, in order to avoid direct reduction of the propagating radicals and of
the monomer. Moreover, the presence of electron-withdrawing moieties in the R group of the CTA
makes the macroCTA more difficult to be reduced, thus progressively decreasing the efficiency of
the electrochemical stimulus during the process. Finally, direct eRAFT is severely hampered by the
irreversible consumption of the CTA, as shown by CVs after several hours of electrolysis, leading to
low conversions and polymers with a broad distribution of MWs'*°. On the other hand, results of
mediated eRAFT have been much more promising, despite still suffering from modest CTA

degradation phenomena and slow kinetics'**14!,
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1.5.3. Photoinduced electron transfer RAFT polymerizations (PET-RAFT)

Parallel to electrochemistry, the low cost and ubiquity of light, along with the selectivity and

spatiotemporal control it can provide, position light activation among the most attractive non-thermal

modes of activation. Hence, the photo-induced RDRPs literature is witnessing a rapid expansion,

driven by continuous breakthroughs in photocatalyst design and the pursuit of increasingly mild,

sustainable, and precisely tuned macromolecular syntheses

Light-triggered RAFT methodologies are generally divided into three main categories

1)

2)

3)

142-144

145,146.

Photomediated RAFT polymerization is analogous to conventional thermal RAFT in which the
thermal initiator has been replaced with a photoinitiator that decomposes and generates radicals
upon irradiation with a specific wavelength. Since most commercially-available photoinitiators
are activated by UV light, which usually excites also the CTA, photodegradation of the polymer

146

end group is possible’™. As a consequence, this activation pathway is more frequently used in

FRPs, and its application to RAFT is marginal.

Photoiniferter RAFT polymerization (PI-RAFT) is a variant of the traditional iniferter process.
Iniferter polymerization, developed before the advent of RAFT, employes a compound —
typically, a dithiocarbamate — which acts simultaneously as initiatior, transfer agent and

terminator!'#’

. Upon decomposition, the iniferter fragments can initiate the polymerization and
reversibly combine with the growing chains, effectively establishing the active-dormant
equilibrium. CTAs involved in RAFT can act as photoiniferters: excitation with either UV or blue
light triggers the homolysis of the C-S bond, releasing an active alkyl radical and a persistent thiyl
radical. The first engages in degenerative chain transfer entering the RAFT equilibrium, while the
latter can reversibly deactivate active radical species'*®!'*°. Photoiniferter RAFT guarantees
extraordinarily high livingness, as termination is suppressed by the persistent radical effect.

Nevertheless, it often suffers from sluggish initiation rates due to inefficient direct photolysis and

propensity for UV-induced side-reactions.

Photoinduced electron transfer polymerization (PET-RAFT), firstly disclosed by Boyer and co-
workers'>!, relies on light harvesting by photocatalyst (PC) that, in the excited state, can interact
with a CTA to generate initiating alkyl radicals. Contrary to photomediated RAFT, the catalyst is
not incorporated into the polymer chains, as the R group of the CTA is the exclusive initiating
species. In a PET-RAFT process, PC* undergoes an oxidative or reductive quenching by the CTA

itself or an electron donor to reduce the thiocarbonylthio compound to a radical anion, which then
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fragments to generate a propagating radical (Scheme 11)!4>!32, The resulting radical can enter the
degenerative chain transfer equilibrium and form a dormant polymer chain. Regeneration of the

catalyst via electron transfer closes the catalytic cycle.
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Scheme 11. PET-RAFT via oxidative quenching (top) and reductive quenching (bottom).

It should be specified that PC* can also transfer its energy to the CTA, facilitating homolysis of the

C-S bond in a manner analogous to the photoiniferter mechanism. This different pathway — named

photoinduced energy transfer RAFT — can be thought of as a photocatalyzed photoiniferter process.

Often, a complex interplay of photoinduced electron and energy transfer takes place'™
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1.6. Aim of the thesis

Despite the demonstrated utility of ePRC, the mechanisms underlying these processes remain highly
speculative and are still the subject of considerable debate. This limited mechanistic understanding
has significantly hindered the rational development and broader application of these powerful
methodologies. The first objective of this thesis is to elucidate the mechanism of
photoelectrochemical activation of recalcitrant C—X bonds. By combining synthetic studies with
fundamental mechanistic investigations — including the role of electrons ejected from organocatalysts

— this work provides new insights into the elementary steps governing ePRC transformations.

A second limitation of current ePRC methodologies is their reliance on high-energy blue light, which
can promote undesired side reactions and is incompatible with certain functional groups. Therefore,
the second objective of this thesis is to develop ePRC methodologies driven by lower-energy red and
near-infrared light. These wavelengths are exploited both for the activation of strong C—X bonds in
organic synthesis and for the controlled synthesis of well-defined polymeric materials via

photoelectrochemically mediated RAFT polymerization under mild conditions.

Overall, this work establishes ePRC as a versatile and energy-efficient platform that spans
applications ranging from advanced organic synthesis at extreme redox potentials to low-energy,
spatiotemporally controlled polymerization, while simultaneously advancing the fundamental
mechanistic understanding required for the rational design of the next-generation

electrophotocatalytic systems.

35



36



2. Experimental section

This section lists the chemicals and instrumentation used for this work, along with a brief description

of the main experimental procedures.

2.1. Chemicals

Solvents

N,N-Dimethylformamide (DMF, VWR, HPLC grade 99.9%). Dimethylsulfoxide (DMSO, Carlo
Erba, ACS grade). Acetonitrile (MeCN, VWR, HPLC grade). Tetrahydrofuran (THF, Sigma-Aldrich,
HPLC grade > 99.9%). Methanol (MeOH, VWR, HPLC grade). Chloroform-d (CDCIl;, Sigma-
Aldrich, 99.8% atom %D).

Photocatalysts

N,N'-Bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide (PDI, TCI America, >
98,0%). 2,4,5,6-Tetrakis(diphenylamino)isophthalonitrile (4DPAIPN, Ossila, > 98%). 2,4,5,6-
Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN, synthesized). N-(2,6-diisopropylphenyl)-1,8-
naphthalimide (NMI, synthesized).

Substrates (aryl halides)

4-fluoroanisole (4MeOPhOF, Sigma-Aldrich, 99%). Fluorobenzene (PhF, Sigma-Aldrich, 99%). 4-
chloroanisole (4MeOPCI, Sigma-Aldrich, 99%). 4-chlorotoluene (4MePhCl, Sigma-Aldrich, 98%).
Chlorobenzene (PhCl, Sigma-Aldrich, 99.5%). 4-bromoanisole (4MeOPhBr, TCI, > 97%).
Bromobenzene (PhBr, Sigma-Aldrich, 99%). 2-chloropyridine (2CIPy, EGA-Chemie, 99%). 3-
chloropyridine (3CIPy, Sigma-Aldrich, 99%). 2-bromopyridine (2BrPy, FluoroChem). 1-
bromonaphthalene (1BrNaph, Sigma-Aldrich, 98%). 4-bromobenzonitrile (4CNPhBr, Sigma-
Aldrich, 95%). lodobenzene (Phl, Sigma-Aldrich, 98%).

Monomers

Methyl methacrylate (MMA, Thermo Fisher, 99%, stabilized). Benzyl methacrylate (BzZMA, Thermo
Fisher, 98%, stabilized).

Chain transfer agent (CTA)

4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA, Boron Molecular, 97%).
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Supporting electrolytes

Tetraethylammonium tetrafluoroborate (TEATFB, Thermo Fisher, 99%; BLD pharm, 97%),
recrystallized in ethanol, dried under vacuum at 70°C for 48 hours and stored under P>Os.

Tetrabutylammonium iodide (TBAI, Sigma-Aldrich, > 99.0%).

Other chemicals

Ferrocene (Fc, Acros Organics, 98%). 2-propanol (iPrOH, Sigma-Aldrich, 99.9%).

2.2. Instrumentation

2.2.1. Electrodes

Working electrode (WE): four different working electrodes were used.

(1) Rotating disk electrode (RDE) with a glassy carbon (GC) tip (3 mm diameter, homemade).
The RDE is connected to a Metrohm AG engine which controls the stirring. The GC tip
geometrical surface area was estimated as 7.07-102 cm?.

(i1) Small GC electrode (3 mm diameter, homemade).

(ii1))  Platinum gauze (homemade).

(iv)  Reticulated vitreous carbon (RVC) foam.

To ensure reproducibility, the GC electrode surface was polished with a 0.25 pm diamond paste and
ultrasonically rinsed in absolute ethanol for 10 minutes prior to each electrochemical measurement.
Before inserting the electrode in the cell, it was carefully washed with HPLC grade acetone. The same

procedure was followed for the RVC electrode, except for the polishing step.

Platinum electrode cleaning requires electrochemical activation. The Pt gauze was burned with a blow
torch and activated via CV scans between —0,67 V and +0,91 V vs Hg/HgSO4 in a 0.5 M H2SO4

solution, until reproducible CVs were obtained.

Counter electrode (CE): two different counter electrodes were used.

6)) Platinum wire fused in a glass tube.

(11) Graphite rod or aluminium wire inserted in a glass tube filled with a 0.1 M solution of
TEATFB in DMF. The liquid junction with the reaction solution is guaranteed by a porous
tip (G2), which is partially stuffed with Agar gel.
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Reference electrode (RE): silver (Ag) wire covered in Agl and inserted in a glass tube filled with a
0.1 M solution of TBAI in DMF. The liquid junction with the reaction solution is guaranteed by a
porous tip (G3), which is partially stuffed with Agar gel. Agl was deposited onto the metallic wire in
galvanostatic mode (0.4 mA/cm?, KI 0.1 M + HNOs 0.1 M). The RE was calibrated against the
ferrocene/ferrocenium (Fc'/Fc) redox couple used as internal standard: at the end of each cyclic
voltammetry experiment, a small amount of Fc was added to the reaction mixture, and its oxidation

potential was measured via CV.

The measured potentials (V vs Ag/Agl) were converted to the saturated calomel electrode (SCE)
scale. Therefore, potentials were scaled versus Fc¢'/Fc according to Equation 2.2.1, and versus the

SCE according to Equation 2.2.2:

on/red (US FC+/FC) = on/red (‘US Ag/AgI) - EFC+/FC (US Ag/Agl) (2'2-1)

E°gc+ /pc = 0.436 V vs SCE in DMF + 0.1 M TEATFB'*
(2.2.2)

After approximately two weeks of usage, both reference and type (ii) counter electrodes were
prepared anew, prior to cleaning of glass tubes and their sintered glass septum with Piranha solution
(3:1 mixture in volume of concentrated sulfuric acid and hydrogen peroxide, a highly corrosive and

oxidizing solution). This allows to remove all the organic residues of the gel and reaction products.

2.2.2. Potentiostat and simulation software

An Autolab PGSTAT204 potentiostat/galvanostat (Eco-Chemie, Utrecht, Netherlands), connected

to a computer with the Nova 2.1 software was used for all the experiments.

CV simulations were performed with the DigiEIch8FD software.

2.2.3. Light sources

The following light sources were used: Kessil P160L lamp of 525 nm; homemade 13 W LED systems
of 595 nm, 630 nm, 850 nm (CHANZON); homemade 45 W LED system of 850 nm (CHANZON).

Lamps emission spectra and photon flux were measured with the AvaSpec-Mini2048CL spectrometer
(Avantes), coupled with the software AvaSoft. The optical fiber sensor was placed in the exact

position of the GC electrode during CV measurements under irradiation.
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Glassy carbon electrode reflectivity was measured using an 8.7mW commercial Class Illa red laser
and a Glassy Carbon Sheet (Tokai Carbon), polished in the same way as GC electrodes. A Thorlabs
PM100USB Power and Energy Meter, with a S120VC sensor was used to measure the power
reflected by the GC sheet surface.

2.2.4. UV-vis spectrophotometer

UV-Vis measurements were registered on an Agilent Cary 60 UV-Vis spectrophotometer (Xenon

flash lamp, 80 Hz), connected with a computer with Cary WinUV software.

2.2.5. Spectroelectrochemistry equipment

Spectroelectrochemistry experiments were carried out with a kit by BAS Inc, composed of a thin
layer quartz glass cell (0.5 mm light optical pathway), a Pt gauze WE (80 mesh), a Pt CE, and a non-
aqueous Ag/Ag’ RE.

2.2.6. Nuclear magnetic resonance (NMR) spectrometer

All '"H-NMR analyses were performed on a Bruker 400 Advance III HD spectrometer (400 MHz),
coupled with Topspin 3.8.0 software and equipped with a BBFO SmartProbe probehead.

2.2.7. Gel permeation chromatography (GPC) equipment

For polymer molecular weight and dispersity measurements, an Agilent Infinity 1260 gel permeation
cromatograph was used. The instrument is equipped with two columns (Agilent PLgel 5 um MIXED-
C 300 x 7.5 mm), connected in series and heated at 60°C. The solid phase consists of polystyrene

cross-linked with divinylbenzene. The mobile phase is DMF + 10 mM LiBr.

The operative flow rate is of 1 mL/min. A refractive index detector (RID) is set at 50°C. The
calibration curve was constructed based on the elution times of PMMA standards (Agilent EasiVial)

fitted with a third-degree polynomial.
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2.3. Experimental setup and procedures

2.3.1. Spectroelectrochemical analysis

Spectroelectrochemistry experiments were conducted with the specific kit, coupled with the UV-Vis
spectrophotometer and the potentiostat. Cuvette, electrodes and degassing system (2 L gas balloon

filled with argon) were arranged as shown in Figure 13.

Figure 13. Spectroelectrochemical setup: side view (a) and top view, when inserted in the spectrometer (b).

The Pt net was activated before running the electrolysis. Baseline measurements (absorption spectra
of DMF + 0.1 M TEATFB) were firstly recorded, followed by the spectrum of the neutral
photocatalyst. Then, the system was degassed under a continuous flow of argon and a potentiostatic

electrolysis was carried out, while simultaneously registering UV-Vis spectra every 30 seconds.

2.3.2. Photoelectrochemical cyclic voltammetry

Cyclic voltammetry measurements were performed into a jacketed electrochemical cell with 5 necks.
The central neck is occupied by the RDE with GC tip, which acts both as WE and as solution stirrer
in between CVs acquisitions. Of the remaining 4 necks, two are occupied by RE and CE respectively,
one is used as inlet/outlet for the degassing system and the last one is used to add reagents during the
experiments. The cell jacket is connected to a Thermo Scientific SC100 thermostat set at 25.00°C, in
order to keep the temperature of the cell walls constant, thus ensuring reproducibility. When
irradiation was needed, the light source was placed beneath the cell, which has a flat glass bottom

without a jacket (Figure 14).
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Figure 14. Cell setup with no irradiation (left) and under irradiation (right, 630 nm bottom 525 nm top).

The electrochemical cell was loaded with 18 mL of DMF + 0.1 M TEATFB and purged with argon
under stirring for 30 minutes. The argon flux was kept low and constant throughout the experiment.
Firstly, before adding reactants, background CVs were recorded both in dark conditions and under
irradiation at operational scan rates. Solution resistance compensation was applied during the
measurements. After that, 4DPAIPN was added at 1 mM concentration (except for when otherwise
indicated), and CVs were collected under dark and irradiation conditions. Finally, a substrate was
introduced and CVs under irradiation were registered for increasing substrate concentrations. After

each experiment, the cell was carefully rinsed with HPLC grade acetone and stored in oven at 60°C.

2.3.3. C-X cleavage bulk electrolysis

Electrolysis experiments for electrophotocatalytic reductive cleavage of aryl halides were conducted
in an electrochemical H-cell (Figure 15). Cathodic and anodic chambers are kept separated by a G3
sintered glass septum, which was partially stuffed with agar gel. The cell is equipped with two necks
for the cathodic chamber; one was occupied by the RE, and the other one by the WE — alternatively
the small GC electrode for preliminary and final CVs acquisitions and the RVC foam for running the
electrolysis. The anodic chamber — graphite rod dipped into a DMF + 0.1 M TEATFB solution —
represents the CE itself.
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Figure 15. Electrolysis setup before starting the electrolysis (left) and under 630 nm light (vight).

The cathodic chamber was filled with 7 mL of a DMF + 0.1 M TEATFB solution, containing 50 mM
of substrate (4-bromoanisole), 5 mM of photocatalyst (4DPAIPN) and 0.5 M of 2-propanol, which
acts both as proton and hydrogen atom donor. The anodic meniscus height was then adjusted at the
same level of the cathodic one, in order to prevent osmotic pressure effects. The reaction mixture was
degassed for 30 minutes, placing the argon flow inlet in the WE neck and the outlet in the CE neck.
Firstly, CVs of the photocatalyst were collected, in order to identify the working potential. Then, the
GC electrode was replaced with the RVC foam and the system was further degassed for 15 minutes.
After that, a constant potential — equal to the half-wave potential of the initial 4DPAIPN CV — was
applied, and the electrolysis was run for 7 hours under 630 nm light irradiation and continuous argon
flow. No solution resistance compensation was applied. At the end of the reaction, the GC electrode
was newly inserted into the WE neck, to register a post-electrolysis CV. Samples for NMR analysis

were collected during the electrolysis using a degassed needle.

2.3.4. PET-eRAFT polymerizations

PET-eRAFT polymerizations were performed in two different electrochemical cells. For most the
reactions, a 5-neck jacketed cell (Figure 16, left) was used. Of the five necks, one was occupied by
the Pt gauze WE, used to run the electrolysis. A neck accommodated the small GC electrode, which
served as WE to record preliminary and post-reaction CVs. A RE and a type (i1) CE were placed in
other two necks, while the remaining one was used as inlet/outlet for degassing. The temperature of

the cell walls was maintained constant at 35°C with a Thermo Scientific SC100 thermostat.
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For final setup optimization under NIR irradiation, a 6-neck non-jacketed electrochemical cell was
chosen (Figure 16, right). Similarly to the previous setup, four necks accommodated the WE Pt gauze,
the WE small GC, RE and CE, respectively. Of the two remaining necks, one was used as inlet/outlet
for the degassing system and the other one was used to take reaction mixture samples. Since the cell

is not jacketed, a small cooling fan was placed on one side, in order to dissipate excess heat.

Figure 16. PET-eRAFT polymerization thermostated setup with 630 nm light off (left) and non-thermostated
setup with 850 nm light on (vight). The violet colour is a digital camera artifact typical of NIR irradiation.

All experiments were carried out under inert atmosphere: the reaction mixture was degassed for 30
minutes, while the argon flow was kept constant and low throughout the polymerization. The
saturation of the inlet argon flow with monomer vapours in a prebubbler allowed to minimize

monomer loss due to slow stripping phenomena.

The cell was filled with 10 mL solution (12 mL for the non-jacketed setup) of DMF +0.1 M TEATFB
+ catalyst (PDI) + CTA (CDTPA) + monomer (methyl methacrylate, MMA or benzyl methacrylate,
BzMA). For all experiments, a 1:3 monomer to solvent ratio was chosen, while PDI and CDTPA
concentration varied based on the specific experiment carried out. Before adding the monomer, it was

passed through basic alumina to remove the polymerization inhibitor.
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The chronoamperometry (potentiostatic electrolysis process) was then set to start, selecting an applied
potential based on the preliminary CV of PDI. Light was turned on simultaneously with the beginning
of the electrolysis. After each experiment, the cell was washed with HPLC grade acetone and dried

in oven at 60°C.

Before starting the reaction, a sample was drawn from the reaction mixture with a degassed needle,
to have a “time zero” reference. Additional samples were then periodically taken; an aliquot was put

in a NMR tube for the NMR analysis, while the remaining part was used for the GPC run.

NMR analysis and determination of monomer conversion: each NMR tube was filled with CDClI3 to
have a 1-2 mg/mL concentration. To determine the conversion of monomer into the corresponding
polymer, the ratio between monomer and polymer signals, normalized by the number of protons
generating them, was evaluated. For MMA, the methoxy group of MMA appears as a sharp singlet
at 3.78 ppm, while the methoxy group of PPMA is a broad singlet at 3.58 ppm (Figure 17).
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Figure 17. '"H-NMR spectrum of the polymerization solution of MMA at a given conversion.

Therefore, monomer conversion can be calculated as follows, where A,, and A, are the areas of the
monomer and polymer signal respectively:

A

P __.100 (2.3.1)

Conversion % = ————-
Ap + Ap

Equation 2.3.1 applies also to the polymerization of BZMA, when the areas of the benzyl CH» group
of BZMA (5.18 ppm) and P(BzMA) (4.87 ppm) are considered.
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GPC analysis: prior to injection in the GPC columns, polymeric samples underwent a specific
procedure to remove the supporting electrolyte. This operation ensures more accurate results by
suppressing the TEATFB signal in the RID chromatogram, which would otherwise partially overlap
with polymer peaks, especially at low molecular weights. Each aliquot taken from the reaction
mixture was first diluted in 1.5 mL of THF, where the polymer is soluble, while the electrolyte
precipitates. After that, the solution was filtrated with neutral alumina and the THF solvent was
removed at the rotary evaporator. The sample was then diluted in DMF to a theoretical concentration
of 1-2 mg/mL of polymer), filtered again with neutral alumina and finally injected into the instrument
(typical injection volume of 50-100 pL). The eluted chromatograms were integrated with the

dedicated software to obtain M, M, and P.

To synthesize the methacrylate block copolymers, the first block was precipitated into a 9:1 (v/v)
water/methanol mixture and recovered by vacuum filtration. The precipitate was then redissolved in
a minimal volume of THF and precipitated a second time under the same conditions, before being
filtered and dried under vacuum for 48 h. NMR analysis was performed to confirm that no significant

amounts of catalyst, monomer, or electrolyte co-precipitated with the polymer.
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3. Results and discussion

3.1. The mechanism of reductive C-X cleavage via e-PRC

This section aims to elucidate the mechanism underlying the electrophotochemical activation of
recalcitrant C-X bonds of aryl halides mediated by the organic electrophotocatalyst 4DPAIPN

(Scheme 12), as well as to prove the synthetic utility of such reactivity under low-energy red light.

X 4DPAIPN ° duct
—_— + X~ e proaucts
D—l—ﬂ \®,

Scheme 12. General reaction scheme for the ePRC transformation investigated in this section.

The mechanistic study presented here is articulated in a few steps. First, the electrochemical and
photophysical properties of 4DPAIPN are studied through combined CV and UV-Vis analyses. Next,
the catalytic activity of 4DPAIPN towards a library of substrates — ranging from inert aryl fluorides
to labile aryl bromides and iodides (Figure 18) —is evaluated via CV coupled with digital simulations.

Finally, a comprehensive reaction mechanism is proposed based on these experimental insights.
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Figure 18. Structures of the catalyst and of the different aryl halides employed as substrates.
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3.1.1. Electrochemical and photochemical characterization of 4DPAIPN

Cyanoarene-based donor-acceptor fluorophores are a well-established class of cost-effective, metal-
free and easily accessible photoredox catalysts for organic synthesis, whose redox properties can be

155 Among

systematically modulated by altering the substitution pattern on the central benzene ring
commercial options, 4DPAIPN was selected for this study as it exhibits one of the most negative
ground-state reduction potentials in this family. Since this catalyst has been predominantly applied in
pure photochemical catalytic protocols, reports on its electrochemical activation in the literature are
relatively scarce. Therefore, to establish the thermodynamic framework governing the investigated

ePRC process, a rigorous electrochemical characterization of 4DPAIPN was first undertaken.

For this purpose, a series of CVs of 4DPAIPN were collected in dark conditions at different scan rates
(Figure 19, solid lines). The DigiElch simulation software was then used to fit the experimental CV

traces, providing superimposable simulated curves (Figure 19, hollow dots).

10 4
Q90
O
5
< 0A <
3.
Py
-5 4 — 30mV/s
— 50mV/s
— 70mV/s
-10 + — 100 mV/s
— 140 mV/s
200 mV/s
-15 4
v 1 v 1 v 1 v 1 v 1
-1,8 -1,7 -1,6 -1,5 -1,4 -1,3

E/V vs SCE

Figure 19. Experimental (solid lines) and fitted (hollow dots) CVs of 4DPAIPN at different scan rates.

The catalyst shows a single quasi-reversible wave, associated with the following heterogeneous

electron transfer reaction:

ADPAIPN + e~ = 4DPAIPN*~ (3.1.1)
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By means of the simulation software, it was possible to obtain the standard reduction potential of the

catalyst (E°4pparpn/apparpne-), its diffusion coefficient (D) and the heterogeneous electron transfer

constant between the WE and 4DPAIPN (k°) (Table 1). The fitting procedure starts with the loading
of experimental CV traces, followed by the input of a reaction scheme and known experimental
parameters, such as concentrations, electrode surface area, scan rates and the electron transfer
coefficient (a), here assumed to be 0.5. The software runs a global non-linear least-squares fitting
routine, adjusting target variables until the simulated current-voltage curves match the experimental
ones. The global fitting of more than one experimental CV aims to minimize random errors, thus

yielding statistically more robust data.

Table 1. Relevant electrochemical constants for 4DPAIPN at 25°C.°

Redox couple E° (V vs SCE) D (cm? s1) k° (cm s1)

4DPAIPN / 4DPAIPN" -1.57 (3.46+0.11) -10° 0.007

“ These constants can also be derived through traditional methods (i.e., the measurement of the half wave
potential for E°, the Randles- Sevcik equation for D and the Nicholson method **° for k°). Digital simulations
were employed for continuity with subsequent analyses.

As previously mentioned, a good electrophotocatalyst must be characterized by a significantly red-
shifted UV-Vis absorption spectrum of its radical anion compared to that of the parent neutral species.
Therefore, a photophysical characterization of both catalyst forms is required. 4DPAIPN™ was
generated by spectroelectrochemistry (see setup in the Experimental section) and several UV-Vis
absorption spectra were collected over time under potentiostatic bulk electrolysis. The exact
concentration of the reduced form in the cuvette is not known, as the reduction is not quantitative.
Therefore, the radical anion spectrum (i.e., molar absorption coefficient (¢) as a function of the
incident wavelength) was calculated through global fitting of the absorbance vs time data (see details

in Appendix A). The UV-Vis spectra of the neutral and reduced forms are shown in Figure 20.

4DPAIPN™ exhibits a pronounced red shift compared to its parent molecule, featuring a broad
absorption band that peaks at 550 nm and spans from the green to the red regions. Hence, a 13 W 630
nm LED was chosen as the irradiation source, as its emission spectrum promotes the selective
excitation of the radical anion. This setup allows the electrochemical and photochemical processes to

operate independently, as required for efficient ePRC catalytic cycles.
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Figure 20. Experimental absorption spectrum of 4DPAIPN (blue trace) and calculated absorption spectrum
of its radical anion (red trace) in DMF + 0.1 M TEATFB. The vertical straight line indicates the chosen
incident light wavelength for all the following experiments, when not differently specified.

According to the computational absorption spectrum of 4DPAIPN"" from the literature'®’, the Dy —
D; transition can be associated with a quasi-dark state (i.e., too weak to be detected) in the infrared
region, while the experimental broad absorption peak at 550 nm, corresponding well to the computed

533 nm peak!?’, is attributed to the combined transitions from the Dy state to the D»-Ds states.

Having established the standard reduction potential of 4DPAIPN and the absorption profile of the
corresponding radical anion, the energetics of its excited state (4DPAIPN™*) can be quantified. The
total energy gain of a general ePRC process can be calculated of as the sum of the energies of the
electron and of the photon injected into the catalyst. Accordingly, the standard reduction potential of

4DPAIPN™* was computed through the following relationship:

o — o — (o]
E°4ppaipn/apparpN— = E°4pparpn/appaipne- — Eoo = E°4pparpN/aDPAIPN- — T— (3.1.2)
le
0

where E is the electronic excitation energy (in eV), namely the energy associated to the electronic

transition from the ground state to the specific excited state involved.

In turn, E 1s proportional to the wavelength at which the absorption and emission spectra intersect
(1), the proportionality constant depending on the reduced Planck constant (), the speed of light (¢)
and the elementary charge (ey). Since 4DPAIPN"* is not emissive, A was estimated from the onset

of the absorption peak, which was determined to be 730 nm (Figure 21a).
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Using the onset wavelength in Equation 3.1.2 yielded Ey, = 1.70 eV, corresponding to an open-shell
excited state reduction potential of —3.27 V vs SCE (Figure 21b), comparable to that of Mes-Acr or
DCA and slightly lower to that of NMI under blue-light irradiation (see Section 1.4.1).
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Figure 21. Estimation of the onset wavelength (a) and general energy scheme for the ePRC process (b).
After assessing the electrochemical system in the dark and selecting the excitation wavelength, CVs

at different scan rates were collected under 630 nm light irradiation. The effect of local heating on

CV traces is to cause an increase of the cathodic peak and a decrease of the anodic one (Figure 22).
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Figure 22. Effect of full power 630 nm light irradiation on the CV of 4DPAIPN (scan rate: 30 mV/s).
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As discussed in Chapter 1.4.3, irradiating the WE surface causes local heating of the solution, giving
rise to a convective contribution to mass transport. The effective temperature at the electrode surface,
determined through calibration (see Appendix B for the detailed calibration procedure) was found to
be of approximately 31°C. As a consequence of the convective contribution, a finite diffusion profile

was assumed, where the maximum diffusion layer thickness (9) is fixed.

Given the mathematical complexity of mixed diffusion/convection-controlled mass-transport
regimes, the effect of light irradiation on CVs was modelled using the DigiElch simulation software
(the complete fitting procedure under light irradiation is summarised in Appendix C). As shown in
Figure 23, the best fit demonstrates excellent congruence with experimental data, proving the validity

of the simulation procedure.
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Figure 23. Experimental (solid lines) and fitted (hollow dots) CVs of 4DPAIPN under 630 nm light.

DigiElch returned an average diffusion coefficient under irradiation of (4.00 + 0.13) -10° cm? s,
which is approximately 16% higher than that measured in dark at 25°C. According to the Stokes-
Einstein equation, this percentage shift in D aligns with a 6°C thermal increase in DMF, thereby

confirming the reliability of the calibration-derived local temperature data.
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3.1.2. Qualitative assessment of 4DPAIPN electrophotocatalytic activity

Once the electrochemical and photochemical properties of the catalyst were known, cyclic
voltammetry was used as the primary analytical tool to evaluate the catalytic activity of 4DPAIPN
toward various RX substrates. Introducing RX in the presence of light irradiation alters the CV
profile, leading to a further increase in the cathodic current and decrease in the anodic one compared

to the effect of light alone, thus indicating the occurrence of electrophotocatalysis (Figure 24).

ADPAIPN + 4-fluoroanisole ADPAIPN + lodobenzene
4 >
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Figure 24. CVs of 4DPAIPN in dark, under 630 nm light without substrate and under 630 nm light in the
presence of 4-fluoroanisole (left) and iodobenzene (right), at different substrate-to-catalyst ratios (y).
All the CVs were registered at a scan rate of 30 mV/s.

This current enhancement in the presence of substrate — commonly referred to as catalytic current —
stems from a photochemical reaction following the electrochemical step: in this case, neutral DPAIPN
is continually regenerated at the electrode, amplifying the cathodic wave (the detailed mechanism

and the nature of the active catalyst species will be addressed in the following section).

The magnitude of the catalytic current depends primarily on the duration of the experiment, dictated
by the scan rate (v). At low scan rates, the chemical reaction has sufficient time to regenerate the
electroactive species, resulting in a well-defined current response; conversely, at high scan rates,
changes in the CV profile become negligible. Another key parameter is substrate excess (y, defined
as the ratio between the substrate and the catalyst concentrations). Higher y values promote a greater

number of catalytic cycles, yielding larger current enhancements at any given scan rate.
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Furthermore, because the catalytic current extent at a given scan rate and RX excess is governed by
the nature of the substrate itself — particularly, how readily it undergoes reductive cleavage — a
qualitative evaluation of the substrate reactivity can be achieved by monitoring the y needed to reach
a specific current increase. For instance, Figure 24 compares the CVs of the most recalcitrant halide
tested (4-fluoroanisole, left panel) with those of the most labile one (iodobenzene, right panel). While
4-fluoroanisole requires very high concentrations to display discernible catalytic currents,
iodobenzene exhibits significant changes at near-stoichiometric amounts. It must be specified that
iodobenzene, as well as other labile substrates, can also be slowly reduced by the ground state
4DPAIPN™. Such “dark” reactivity provides a minority, albeit non-negligible, background

contribution to the total catalytic current, which is quantified in detail in Appendix D.

Overall, cyclic voltammetry experiments demonstrate that the active 4DPAIPN species — generated
via electrochemical reduction followed by red-light photoexcitation — manages to reduce even
unactivated aryl fluorides, such as 4-fluoroanisole, which features an extreme reduction potential,
exceeding -3 V vs SCE!>’. While this serves as a powerful and efficient proof of principle for the
investigated ePRC protocol, CV provides only a transient and small-scale electrochemical assessment
of the system. Because cyclic voltammetry experiments typically span a timescale of 10 to 60
seconds, they fail to capture preparative-scale challenges like long-term catalyst degradation or
cumulative side reactions. Moreover, since CV is inherently limited to probing the rate determining
step of the process (i.e., the DET reaction step), it cannot provide information on the reaction products
or determine isolated chemical yields. Therefore, to bridge the gap between voltammetric studies and

synthetic utility, preparative scale bulk electrolysis experiments were performed.

For this purpose, the reductive hydrogenation of 4-bromoanisole was chosen as the model reaction.
This substrate features an intermediate standard reduction potential within the investigated RX scope
(E°=-2.57 V vs SCE). The reaction was performed in DMF (see Experimental section) to ensure
consistency with CVs experimental conditions. The catalyst loading which provided the highest RX
conversion was 10 mol% relative to the substrate, comparable to the typical loadings employed in
similar ePRC protocols'®8. A large excess of 2-propanol, which is both a good proton donor and
hydrogen atom donor, was used to quench the resulting intermediate aryl radical or carbanion
(depending on whether the radical is readily reduced by 4DPAIPN™ or not). The electrolysis was
conducted on RVC WE at constant potential (E7,, of 4DPAIPN); more negative potentials (e.g.,

E1/, — 60 mV) resulted in lower conversions, likely due to excessive accumulation of the ground

state radical anion. The optimized operating conditions are summarized in Scheme 13.
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Scheme 13. Operative conditions for the ePRC-driven RX dehalogenation under red light.

The conversion of 4-bromoanisole into anisole was monitored over time via '"H-NMR, based on the

characteristic signals of the methoxy protons for both species (Figure 25).
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Figure 25. Zoom in the methoxy protons region of the 'H-NMR spectrum of the reaction mixture as a function
of time (left) and of pure 4-bromoanisole + pure anisole (right).

Taking advantages of the downfield shift of the methoxy signal upon converting the brominated
substrate into the product, it was possible to monitor the depletion of the starting material and the
concurrent formation of the product over time. After 7 hours of electrolysis, the 4-bromoanisole
conversion — calculated as the ratio between the area of the anisole signal and the sum of the two
areas of both species — reached 36.5%. Given that the conversion increased approximately linearly

over time, no major catalyst deactivation pathways occurred over 7 hours.
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The reaction proceeds according to the following simplified mechanism:

PC+e™ = PC™™ (3.1.3)
PC*~ + hv + RX > PC+R" + X~ (3.1.4)
PC'~ +R" > PC+R- (3.1.5)
PC*™ +R" > [R—PC] (3.1.6)

The first step is catalyst reduction, followed by light-assisted activation of the RX. Generally
speaking, the downstream processes competing at expenses of the aryl radical (R") resulting from
DET are (i) its subsequent reduction by the ground-state reduced catalyst (Equation 3.1.5) and (ii) the
coupling between the two open-shell species, leading to catalyst arylation (Equation 3.1.6)'>°. The

predominance of the former or the latter process dictates whether multiple catalyst turnover can occur.

From the potentiometry curve, it was calculated that the reaction required 2.1 F/mol, consistent with
a bielectronic reduction of the RX. Therefore, R" appears to be further reduced by ground-state
4DPAIPN°®~, consuming overall two electrons per RX molecule before final protonation by iPrOH.
This preference for a bielectronic pathway with 4DPAIPN aligns with literature data, which place the
standard reduction potential of the phenyl radical at approximately —1.25 V vs SCE in DMF!®° ca.
300 mV more positive than that of 4DPAIPN/4DPAIPN™.

Conversely, catalysts with lower ground-state reducing power (e.g., 4CzIPN or NMI) favour radical
coupling, a trend consistent with CV data discussed below. This coupling is inherently detrimental,
as it gradually degrades the catalyst’s structural integrity and triggers deactivation pathways that
hinder preparative-scale application. Ultimately, 4DPAIPN succeeds precisely because its strongly
negative reduction potential effectively suppresses catalyst arylation in favour of cleaner downstream

reductive turnover.

Despite these encouraging preliminary results, further studies are required to optimize the reaction
setup and conditions, as well as to evaluate catalyst stability over longer timescales (i.e., the 24-48

hours typical of reductive cleavage protocols for challenging RX).
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3.1.3. Quantitative insights into the electron transfer mechanism

Digital fitting of experimental CV profiles under electrophotocatalytic conditions is a powerful tool
to extract quantitative kinetic information and mechanistic insights regarding the DET process. For
quantitative CV analysis, first a large series of experimental CVs (ca. 30 individual traces) was
recorded for different values of RX concentration and at different scan rates. This data collection
procedure was repeated for all the investigated substrates reported in Figure 18. Second, a plausible
reaction mechanism and the related known parameters were defined and used as input for the
simulation software. Third, a global digital fitting of the entire CV set was performed for each
substrate, in order to obtain optimized kinetic constants. The viability of a proposed mechanism can
be evaluated from the degree of agreement between experimental and fitted CV traces, as well as

from the physical significance of the obtained results.

Direct quenching of the open-shell excited state

First, the classical ePRC mechanism, involving the direct quenching of the excited state, was
considered (Scheme 14). In this case, (i) 4DPAIPN is electrochemically reduced to the radical anion,
(i1) 4DPAIPN™ is excited under red light and (iii) the open-shell excited state species transfers the
electron to the aryl halide in the turnover step, regenerating the neutral catalyst. The full mechanism

and the kinetic constants implemented into the simulation software are listed in Table 2.
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Scheme 14. Reaction scheme for the ePRC-driven RX cleavage via direct excited state quenching.



Table 2. Mechanism and fitting parameters for the direct bimolecular excited state quenching.

Reaction Kinetic constant Value
PC+e = PC~ k° 0.007 cm s™!
PC*" +hv - PC*™ Keoxc 14.07 57!
PC*™* - PC"~ kq 3.333- 1025t
PC*™"+RX - PC+ R+ X~ ksgr Fitted M s
PC*" +R* - PC+ R~ Kied 1.33-101 M5!

For this and all next fitting routines, the following parameters were calculated or estimated as follows:

(1)

(i)

(iii)

(iv)

)

The RX diffusion coefficient was set to (1.12 £ 0.07) -10° cm? s!, representing the average
across the investigated RX derivatives; individual diffusion coefficients were derived from

empirical correlations on the basis of the molecular weight!®!,

The excitation kinetic constant (keyx.) Was calculated based on the LED photon flux and the

molar absorption coefficient of the catalyst, as described in Appendix E.

The sum of the kinetic constants for all excited-state decay processes equals the reciprocal of
the excited state lifetime. For the excited states involved in the red-light transition (D2-Ds), a
lifetime of =300 fs was used (i.e. kq = 3.33 - 10'? s!), corresponding to the value measured
via TAS for 4DPAIPN. Conversely, the D, level is longer-lived, (21 ps lifetime), but this is

not relevant as it has insufficient energy to trigger any photochemical reactivity!'?’.

The reduction rate (k.qq) of the generated aryl radical (R") by 4DPAIPN™ (see Equation 3.1.3)
was fixed at the diffusion limit in solution (kgj¢), calculated as explained in Appendix F.
Instead, radical-radical coupling (Equation 3.1.4) was neglected, as fitting sensitivity tests

indicated that for 4DPAIPN this pathway accounts for less than 10% of the total R reactivity.

For the most labile RX —namely 1-bromonaphthalene, 4-bromobenzonitrile and iodobenzene
— the background catalytic current arising from dark reactions and direct RX reduction at the

WE was directly incorporated into the input mechanism (details in Appendix D).

Although the simulated CVs display an excellent fit with the experimental data (Figure 26), this

mechanism is not physically plausible, since the kggt values exceed the diffusion-controlled limit for

a bimolecular reaction across nearly the entire substrate library (1.2 -10'° — 1.3 -10'* M s71). Hence,

direct electron transfer from 4DPAIPN™* to RX cannot account for the observed catalytic current.
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Figure 26. Solid lines: CVs of 4DPAIPN in dark, under 630 nm light, and under 630 nm light + 4-bromoanisole
at different y values. Hollow dots: fitted curves returned by the software for the model involving the direct
bimolecular excited state quenching. Scan rate:50 mV/s.

The infeasibility of anti-Kasha bimolecular reactivity from D;-Ds is not surprising, given the
exceptionally short lifetimes involved, consistent with literature precedents concerning the general

behaviour of excited open-shell species’®.

As highlighted in Chapter 1.4.4, various alternative mechanisms have been invoked to explain the
catalytic activity of extremely short-lived super-reducing species. In the case of 4DPAIPN, catalyst-
substrate preassembly can be ruled out, given that (i) no cathodic peak anticipation or complex
voltametric signals have been observed and (ii) the catalytic activity persists even at remarkably low
substrate concentrations (e.g. iodobenzene, Figure 24). Similarly, catalysis mediated by solvent
reduction is highly unlikely, as no alteration in the CV profile occur upon light irradiation in the
absence of substrate. Furthermore, no closed-shell or decomposition species of the catalyst were

detected, even during slow CV scans or long spectroelectrochemistry measurements.

Altogether, these observations strongly support the mechanism proposed in 2024 by Ceroni and co-
workers — namely, RX reductive cleavage mediated by solvated electrons ejected from 4DPAIPN™*,

which currently stands as the most plausible reaction pathway.
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Photo-ejection of long-lived free solvated electrons

Although CV paired with digital simulation cannot detect solvated electrons, it can indirectly probe
the proposed reaction pathway (Scheme 15) based on the fit quality and on the physical significance
of the extracted kinetic parameters. Table 3 summarizes the full mechanism for the free solvated

electron model and the kinetic parameters chosen to fit experimental data.

kO (iv)

products

Scheme 15. Reaction scheme for the ePRC-driven RX cleavage via photo-ejection of free solvated electrons.

Table 3. Mechanism and fitting parameters for the reactivity via free solvated electrons.

Reaction Kinetic constant Value
PC+e” = PC™™ k°© 0.007 cm s™!
PC*" +hv - PC*™ K exc 14.07 57!
PC*™ - PC™™ kq 2.67- 102!
PC™™ - PC+eyqy. kej 6.67-10'" s
€soly. + RX = R*+ X~ kst Fitted M s
€50, + PC > PC*™ kger 7.7-10" M1 g7t
PC*"+R* - PC+R™ kied 1.33- 101 M 57!
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The proposed mechanism involves catalyst reduction (with rate constant k°), excitation (Kexc), and

ejection of a solvated electron (k). Such electron, after solvation by DMF, can react either with a

RX molecule (kggt) or with a neutral 4DPAIPN molecule to regenerate the ground state radical anion
(kggr). The latter case — referred to as bimolecular back electron transfer (BET) — represents an

unproductive pathway, leading to the wastage of an incident photon.

The quantum yield of electron photo-ejection (¢ej), which represents the fraction of photoexcited

catalyst molecules that undergo electron ejection relative to all deactivation pathways, is defined as:

ke;

e = kot ka

(3.1.7)

Hence, kq and k¢j were estimated based on a 300 fs excited state lifetime and a 20% quantum yield
of electron photo-ejection, as reported by Ceroni and co-workers!'?’. Given the large thermodynamic
driving force for the bimolecular ET between the solvated electron and the neutral catalyst, the back
electron transfer rate constant was set equal to the diffusion limit in solution (see Appendix F).
Contrary to expectations, digital simulations incorporating solvated electrons as the actual reducing

agents failed to match experimental CV profiles (Figure 27).
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Figure 27. Solid lines: CVs of 4DPAIPN in dark, under 630 nm light, and under 630 nm light + 4-bromoanisole
at different y values. Hollow dots: fitted curves returned by the software for the model involving the photo-
ejection of free solvated electrons (Table 3). Scan rate:50 mV/s.
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Furthermore, the optimization process forced kggt values down to an unrealistically sluggish regime
for a potent reductant such as the solvated electron (10° — 108 M! s™). Therefore, the mechanism of

electrophotocatalysis with electron ejection was revised as proposed in the next paragraph.

Revisited mechanism for the photo-ejection of “localized” solvated electrons

TAS data unequivocally demonstrate that cyanoarene-based radical anions eject solvated electrons
through photoexcitation, and that such species are quenched upon substrate addition. To reconcile
this apparent discrepancy between two complementary analytical techniques — ultrafast spectroscopy
and cyclic voltammetry — a novel variant of the ePRC mechanism operating via “localized” solvated

electrons is proposed here (Scheme 16).
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Scheme 16. Reaction scheme for the ePRC-driven RX cleavage via localized solvated electrons.

Unlike the mechanism depicted in Scheme 15, the ejected electron was considered as remaining
spatially confined in the immediate vicinity of the parent catalyst, rather than freely diffusing into the
bulk solution. This spatial restriction does not stem from electrostatic forces holding neutral
4DPAIPN and the electron together; instead, it arises from kinetic constraints, because the solvated
electron promptly either reacts with a proximal RX molecule or recombines with the parent catalyst

before appreciable diffusion into the bulk can occur.
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As a consequence, another key distinction between the proposed model and previous representations
lies in the nature of the unproductive electron annihilation pathway: rather than relying on a diffusion-
controlled, bimolecular BET, the recombination process is localized, and thus unimolecular in
character, occurring via geminate recombination (rate constant k). All reactions and rate constants
implemented in the simulation software are listed in Table 4. To prevent a physically impossible
continuous replenishment of the neutral catalyst following electron ejection, the two species are

defined as a bound pair within the mechanism, despite the absence of physical attractive interactions.

Table 4. Mechanism and fitting parameters for the reactivity via localized solvated electrons.

Reaction Kinetic constant Value
PC+e™ = PC™™ k© 0.007 cm s™!
PC™ +hv -» PC™* K oxc 14.07 57!

PC*™ — PC™™ kq 2.00- 1012 5!

PC*™ - PC ey ke 1.33-10"%s!

PC---egyy + RX = PC+R* + X~ ksgr Fitted M s7)

PC---egoy. = PC™™ krec 9.174 - 10° 57!
PC'"+R" - PC+R~ kred 1.33- 101 M 57!

When incorporated into the digital simulation software, this refined localized solvated electron model
— which entails bimolecular catalyst turnover (rate constant kggp) — accurately simulates the CV
profiles experimentally observed (Figure 28, right). Simultaneously, it aligns with spectroscopic
evidence and provides physically reasonable rate constants (i.e., close but below the diffusion limit)

for all tested RX (see below).

By contrast, the reaction pathway initially tested (Table 3) entails unimolecular catalyst turnover —
limited by the rate of electron ejection (rate constant ke;) — which leaves a distinctive signature on the
CV shape. The discrepancy between the two mechanisms rules out the free solvated electron pathway.
In simulations, ejection of a free electron continuously recycles 4DPAIPN, suppressing the diffusion-
controlled depletion layer at the electrode. This rapid turnover manifests as a steady-state cathodic
plateau rather than a diffusional peak, accompanied by a large anodic reverse peak from accumulated
reduced species (Figure 28, left). The total absence of these voltammetric signatures experimentally

proves that this idealized free solvated electron pathway does not operate in the actual mechanism.

64



"Free" solvated electron "Localized" solvated electron

4 4
2 o :0 2
0 1 0 - .i'o.o‘.‘,!oooooo
< 2 < 2
=] =
T 44 =~ 44
-6 - -6 -
1 = Experimental A == Experimental
-8 1 O Fitting -8 1 O Fitting
-10 - 10 -
— 777 — 777
-1,8 -1,7 -1,6 -1,5 -1,4 -1,3 -1,8 -1,7 -1,6 -1,5 -1,4 -1,3
E/V vs SCE E/V vs SCE

Figure 28. Comparison of the fitting results for the free solvated electron (left) and the localized solvated
electron (right) models. Conditions: 4-bromoanisole, y = 50, scan rate = 50 mV/s.

The assumption of the “spatial confinement”, proposed here to explain experimental CV profiles,
aligns with Ceroni and co-workers’ finding that the ESA signal decay of the solvated electron follows
a multiexponential function. More precisely, they state that the decay fitting features a rapid
component (109 ps lifetime), which accounts for 55% of the total signal, and two longer-lived
components, expanding into the nanosecond regime!?’. Since no explicit explanation for such
multiexponential decay was advanced, we propose to assign these components to two distinct
“populations” of solvated electrons. The rapid component represents the solvated electron fraction
that undergoes geminate (i.e., unimolecular) recombination with the parent 4DPAIPN molecule,
whereas the long-lived component corresponds to electrons escaping into the bulk. In the highly dilute
solutions ([4ADPAIPN] = 0 M) characteristic of TAS experiments, these free electrons persist for
nanoseconds until scavenged by unfavourable bimolecular BET or trace impurities (such as oxygen
or moisture). Adding a substrate shortens the lifetime of both components, indicating that both species
react with RX. Importantly, under our CV conditions, which better reflect preparative-scale
parameters (higher PC and RX concentrations, non-anhydrous solvents), free solvated electrons are

entirely suppressed, preventing their bulk accumulation in agreement with our proposed mechanism.

Building on this interpretation, the geminate recombination rate for the 4DP AIPN—electron pair (kyec)
was set to the inverse of the unimolecular decay time (109 ps), while the photo-ejection quantum

yield (¢e;j) was set to 40%, as the prior 20% estimate considered only the long-lived component'””.
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Evaluation of ET rate constants through simulations with the localized solvated electron model

Having established a robust mechanism and a suitable simulation protocol, the CV datasets for each
tested RX substrate were fitted according to the parameters listed in Table 4. Table 5 presents a
comprehensive overview of the performed electrophotocatalytic experiments and fitted kggt values,

which span 3 orders of magnitude.

Table 5. Experimental CV conditions and fitted kggt values for the various tested substrates according to the
localized solvated electron model. All E° data are taken from ref. %%, except when otherwise indicated.

E°Rx/R*+X- Scan rates log(ksgr)
SUBSTRATE
(V vs SCE) (mV/s) i M 1]
4-MeOPhF <-3.00"%7 20, 30, 50, 70, 500, 1000, 1500, 2000 7.57
100, 140
s 30, 50, 70, 100,
4-MeOPhCI1 2290 140, 200 20, 50, 100, 200, 400 7.87
30, 50, 70, 100
75 b b b b
4-MePhCl 285 140, 200 20, 50, 100, 200, 400 8.42
30, 50, 70,100, 100, 200, 400, 600, 1000,
PhCl ~2.76 140, 200, 300 1400, 1800, 2600 8.60
30, 50, 70, 100
a ’ ’ ’ 9
4-MeOPhBr 257 140, 200 5,10, 20, 50, 100, 150 9.29
30, 154(1)6 736300’ 2.5, 10, 20, 50 9.48
PhBr 243 ‘
30, 50, 70, 100,
140, 200 5,10, 20 9.41
30, 50, 70, 100,
2-BrPy 226 140, 200 2,5, 10, 15 10.05
b 30, 50, 70, 100,
1-BrNaph 217 140, 200 1,2,5,10,15 10.15
30, 50, 70, 100
b b b b b
4-CNPhBr ~1.94 140, 200 05,1,2 10.44
30, 50, 70, 100
» 20, /1, 100, 2,5 10.61
PhI 1o 30 154:)0’710(100
140, 200 2.4 10.57

@ Estimated as follows: a f§ parameter, defined as the shift in E° due to the methoxy moiety in para position, is
determined using the E° data of 4-MeOPhCI and PhCl. Given the structural similarities between aryl chlorides
and bromides, the same f value has been used to calculate the E° of 4-MeOPhBy knowing that of PhBr.

b Dark reactivity subtracted as explained in Appendix D.
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The high quality of the fit achieved with the localized solvated electron model is exemplified in Figure
29, which demonstrates that a single kggr value successfully reproduces the entire set of experimental

CVs for a given substrate.

44 0
54
O | 04 AR SoRERacc
< <
=1 =
= 44 ~ -5-
vy =0 (dark)
v =0 (light) -10 - 50 mV/s
-8 4 v =20 (light) 70 mV/s
v =50 (light) 100 mV/s
v =100 (light) 15 - — 140 mV/s
124 v =150 (light) — 200 mV/s
1 1 1 1 1 1 1 1 1 1
-1,8 -1,7 -1,6 -1,5 -1,4 -1,3 -1,8 -1,7 -1,6 -1,5 -1,4 -1,3

E/V vs SCE E/V vs SCE

Figure 29. Global fitting of 4DPAIPN CVs using the localized solvated electron model. Substrate:
4-bromoanisole. Left: increasing substrate excess and fixed scan rate (50 mV/s); Right: different scan rates
and fixed substrate excess (y = 100). Solid lines: experimental voltammograms. Hollow dots: fitted curves.

For PhBr and Phl substrates, duplicate experiments were performed to verify experimental
repeatability. The extracted kgt data remained within a narrow range of ca. 0.1 log units, indicating

that the electrophotocatalytic CV analysis is highly reliable and reproducible.

To further validate the proposed model, a series of control experiments were conducted (Table 6).

Table 6. Control experiments: effect of catalyst concentration, irradiation wavelength and solvent.

Substrate Variations log(kggr) (M1s)
4-MeOPhBr None 9.29
4-MeOPhBr 0.5 mM 4DPAIPN 9.09
4-MeOPhBr 1.5 mM 4DPAIPN 9.11
4-MeOPhBr 595 nm light 9.38

PhCl None 8.60
PhCl MeCN as solvent 8.49
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If a free solvated electron were assumed, the catalytic activity would diminish when rising 4DPAIPN
concentration, due to increasingly favourable unproductive BET. Conversely, in the case of a true
geminate recombination model (i.e. localized solvated electron), the rate constant should remain
invariant with respect to 4DPAIPN concentration. The results in Table 4 validate this second scenario:
log(ksgt) shows no significant concentration dependence, remaining virtually unchanged when
moving from 0.5 mM to 1.5 mM 4DPAIPN, instead of showing a clear descending trend. A slight
increase in the incident light energy (595 nm instead of 630 nm), which potentially leads to more
energetic electrons, reproduced both the wave shape and the ET rate constant within the experimental
error (mainly associated with the estimation of kqy.). This suggests that the reaction mechanism
remains unchanged. Furthermore, a control experiment replacing DMF with MeCN (thus matching
TAS solvent conditions) yielded nearly identical CV profiles, as well as a similar kggt value,

confirming that even in MeCN, ejected electrons are scavenged prior to bulk diffusion.

Finally, experimental 4DPAIPN CVs recorded with extremely high RX (chlorobenzene)
concentrations revealed that the catalytic current increases indefinitely without reaching a plateau
(Figure 30). Typically, a plateau arises when homogeneous electron transfer to RX is fast enough to
immediately scavenge every ejected electron. In the system investigated here, this condition would
require kggp[RX] > krec. The absence of such a plateau is fully consistent with a picosecond lifetime
of the localized solvated electron: even when kg is close to the diffusion limit, the ET rate cannot

surpass the geminate recombination rate at realistic [RX] values, consistent with the proposed model.
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Figure 30. CVs of 4DPAIPN + PhCl at extremely high substrate concentrations. Scan rate: 30 mV/s.
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3.1.4. Thermodynamic and kinetic correlation: a Marcus theory approach

Digital fitting of experimental voltammograms reveals a clear signature of Marcus-type behaviour:
the extracted ET rate constants (Table 5) increase predictably with the thermodynamic driving force
(i.e., the less negative substrate's standard reduction potential). Notably, such Marcus-type activation
control is not universal for solvated electrons: reactions of the hydrated electron in water have been
reported to exhibit anomalously similar activation energies across a range of substrates, a behaviour
incompatible with Marcus theory!®®. We can clearly conclude that the activation of RX substrates by

4DPAIPN" is an activated process and not a diffusion limited process.

Extending in a quantitative way Marcus’ formalism to an unconventional reducing agent such as the
solvated electron is not straightforward, and requires addressing some fundamental assumptions
originally raised by Marcus himself!6%!, First, the electronic wavefunction of a solvated electron is
spread over several solvent molecules and is very sensitive to orientation fluctuation of those
molecules. As a consequence, the electronic coupling matrix element (Hp,) is large, resulting in
adiabatic ET regime. Second, the solvated electron “vanishes” into the acceptor molecule, so that
there is a change in the number of reacting particles. Nevertheless, a semi-classical treatment remains
valid, provided that the peculiar features of the solvated electron are properly taken into account. The
DET reactions investigated in this thesis are treated within the framework Savéant developed by
extending Marcus-Hush theory, originally formulated for outer-sphere electron transfer (OSET), to

the case of electron transfer accompanied by bond cleavage.

The activation energy (AG¥) for a reaction between a generic electron donor and an aryl halide

substrate is related to the driving force by the Marcus-Agmon-Levine equation'®®:

AGH AGgr
AGY = AG®pr + —>=-In I1+ex (—ln 2) - )l 3.1.7

where AG°g is the Gibbs free energy of the reaction and AGg 1s the intrinsic kinetic barrier to electron

transfer, defined as the activation free energy in isoergonic conditions (i.e., AG°gt = 0).

In turn, AGSlC is a function of solvent reorganization energy (4,) and inner reorganization energy (4;):

A+ 4,
4

AGE = (3.1.8)

Unlike many conventional electron transfers, typical reactions involving the solvated electron are

diffusion controlled, precluding access to the Marcus inverted region predicted by Equation 1.4.2.
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Experimentally, this manifests as a rate constant that plateaus at the diffusion limit for large driving
forces, a classic behaviour famously described by Rehm and Weller'®’. Implementing the diffusion
limitation into the general rate expression (Equation 1.4.1) and explicating AG* according to Equation

3.1.7 leads to the following composite relationship’’:

Feor = ke
SET — ¥
AG °
AG°s + =% In |1+ exp | —In(2) AG EL
K In(2) AG AG® (3.1.9)
1+ 4 ey 0 + ex (—ET)
Ky kv, *P RT P\"RT

in which kg;¢r is the diffusion-limited reaction rate, calculated as described in Appendix F.

The equilibrium constant for the formation of the encounter complex (Kjy), is given by (r in m):
Ky =4/371N, - (r,- + 7rx)3 - 1000 (3.1.10)

Given the adiabatic character established above — which implies k = 1 — the nuclear frequency factor
(v,) cannot be taken as a kinetic bimolecular collision frequency. Instead, because barrier crossing in
the adiabatic limit requires the collective reorientation of the surrounding solvent dipoles around the

transferring charge, v, is dictated by the dynamics of solvent polarization relaxation itself' %170

Up = 7,7 = [1p 7 (6 /)] 7T (3.1.11)

where 71, is the longitudinal dielectric relaxation time of DMF, t is the Debye relaxation time of
DMEF, ¢, is the static dielectric constant and &, is the optical (high-frequency) dielectric constant.
Equation 3.1.11 must be considered just a rough estimate of v,, as a more precise calculation would

require knowing the specific geometry of the energy barrier.

The solvent reorganization energy (4;) can be determined from the following semi-empirical law!’":

11 1
%=““UWW“TQr+§‘T+J (3.1.12)
e~ e~

= (2rrx — rx)rx

L:9'¢

(3.1.13)

Finally, AG°gt can be expressed as a function of the standard reduction potential of the substrate:

AG°gr = F(E°- — E°rx/R*+x7) (3.1.14)
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The known parameters entering Equation 3.1.9 are listed in Table 7. Two remain unknown: the

standard reduction potential of the solvated electron in DMF (E°,-) and the inner reorganization

energy A;. Since A; cannot be estimated a priori, neither can the intrinsic barrier AG(;lE .

Table 7. Calculated values for relevant parameters used in Marcus analysis.

kaige M7 s KaM'sDH® 1p(ps)  tw(ps)® va(s)  T(A)° 2 (kI/mol)®
5.03 10" 0.783 13.2 1.5 6.67-10""  2.82 69.4

* The solvated electron radius was estimated as in Appendix F.
b Calculated via Equation 3.1.11 using £y = 38.37; €4 = 4.36,; Ty = 13.2 ps '">173,
¢ Calculated via Equation 3.1.13 usingr¢y = 1.81 A; rge = 1.96 A and r{ = 2.20 4 '™,

With experimental kgt data available for all substrates tested, log(ksgt) values were plotted against
the thermodynamic driving force of the reaction, here expressed as the standard reduction potential
of each RX (see Equation 3.1.14), yielding the experimental “Marcus plot” (Figure 31). Fitting these
experimental points, which span over 1 V in driving force and 3 orders of magnitude in kggt, with

the Savéant-modified Marcus-Hush model developed in this section — Equation 3.1.9, populated with
the parameters of Table 7 — allowed the two remaining unknowns (i.e., AGgr and E°,-) to be extracted

as AGg =41+ 5 kJ/mol and E°,- =-3.37+0.17 V vs SCE.

This values of AGg is fairly large, which is consistent with this electron transfer process, as both the
internal and external reorganization energies are expected to be substantial. The external
reorganization energy depends explicitly on the donor radius (Eq. 3.1.12). Specifically, a smaller
donor generates a stronger local electric field, thus demanding greater energy to reorganize the
surrounding solvent dipoles. Consequently, the comparatively small size of the solvated electron
relative to conventional organic mediators suggests a higher value here. Similarly, the internal
reorganization energy is also expected to be quite large due to substantial stretching and weakening

of the R—X bond upon electron transfer!?.

The extracted E°,- is of the same order of magnitude as the well-established value for the hydrated
electron (-2.88 V vs. NHE!>, i.e., = =3.12 V vs SCE), though somewhat more negative, consistent
with weaker stabilization of the electron in aprotic DMF relative to water, where hydrogen bonding
provides additional stabilization and thus lowers the reducing power. However, E°,- is even more
negative than the standard reduction potential of 4DPAIPN" (-3.27 V vs SCE); this apparent

physical inconsistency will be addressed in the following section.
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Figure 31. Marcus plot correlating log(ksgt) values with the standard reduction potential of various RX.
Black dots: experimental points (taken from Table 5); solid line: fitting curve obtained for AGg fixed at 41

kJ/mol, corresponding to the central value of the optimal fitting quality range. 4-fluoroanisole (vellow dot)
was not included in the fitting due to the uncertainty in its redox potential.

It should be stressed that the extracted E°,- is necessarily approximate, resting on several simplifying
assumptions as well as uncertainties in the photophysical parameters of 4DPAIPN, particularly the

quantum yield of electron photo-detachment and the lifetime of the solvated electron itself.

Further approximations affect the fitting parameters of Equation 3.1.9, such as v,, and kg;¢. The latter,
in particular, is likely underestimated if calculated following the classical hard-sphere formalism
(Equation F.1), since the electronic wavefunction of the solvated electron extends beyond its cavity

boundary, allowing SET to proceed via tunnelling before physical contact is reached!’®!”’.

3.1.5. Towards a comprehensive model for electron ejection dynamics

Building on the mechanistic insights drawn from digital CV simulations and Marcus analysis, a
broader rationale is now proposed for the dynamics of solvated electron generation by organic super-
reductant photocatalysts. Promotion of 4DPAIPN" to the D>—Ds excited states by red light absorption

populates excited vibrational levels according to the Franck-Condon progression, which governs the
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vertical nature of the electronic transition. Because electron photo-detachment is fast enough to
compete with ultrafast (femtosecond) internal conversion, it may occur before vibrational relaxation
can take place, meaning the electron is ejected from a vibrationally excited state. The resulting species
is termed a "hot photoelectron": an electron ejected with excess vibrational energy, prior to any
equilibration with the solvent!”®7_ Its reduction potential (E°) corresponds to the vertical transition
energy and thus can be estimated by combining the ground state E° (—1.57 V vs SCE) with the energy
of'a 630 nm photon (1.99 eV), yielding E° =-3.54 V vs SCE. This value exceeds that of the adiabatic

excited state (E°4ppaipn/apparpne— = —3.27 V vs SCE, calculated from Equation 3.1.2), as it also

accounts for this additional vibrational energy.

Upon ejection into the bulk solution, the hot electron undergoes a sequence of inelastic collisions
with the surrounding solvent molecules, progressively losing its kinetic energy to the medium's
translational, rotational, and vibrational degrees of freedom. This process — usually referred to as
thermalization — continues until the electron reaches thermal equilibrium with the solvent and
becomes trapped in a transient, “pre-solvated” state. Full solvation then follows, as the surrounding
solvent dipoles reorganize around the trapped charge, on a timescale comparable to the longitudinal
relaxation time of the solvent (7). This sequence of events is consistent with the TAS spectrum of
Figure 9a, where the earliest ESA traces, distinct from those recorded at longer delay times, likely

identify this pre-solvated state.

Because thermalization proceeds stochastically via a random-walk rather than with a ballistic
trajectory, the thermalization length — i.e., the spatial separation between the sites of electron ejection
and thermalization — is best described as a statistical distribution of distances. Nonetheless, the
average value is expected to increase, to a first approximation, with the electron’s initial kinetic
energy, as more energetic electrons undergo more scattering events before reaching thermal

equilibrium with the solvent.

Given that the fully solvated electron in DMF always relaxes to the same final energy, regardless of
the nature of the photocatalyst, the energy gap between the hot electron and this common endpoint —
i.e., the excess energy to be dissipated during thermalization — depends directly on the catalyst's
reducing power: electrons generated from stronger reducing excited states carry more excess kinetic
energy, and are thus expected to thermalize farther from their parent catalyst. This separation distance
is mechanistically significant, as longer thermalization lengths are expected to suppress geminate

recombination, favouring the escape into the bulk of free solvated electrons'8%!3!,
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As discussed extensively in Section 3.1.3, experimental CV data and digital simulations show that
the 4DPAIPN-derived solvated electron is consumed almost immediately after generation, either by
reaction with a nearby substrate molecule or by geminate recombination with the neutral 4DPAIPN

formed upon its ejection, well before it can diffuse appreciably into the bulk.

This behaviour aligns with the solvation dynamics discussed above: for 4DPAIPN under 630 nm
irradiation, the hot electron’s excess energy relative to E° of the solvated electron is expected to be
small, so that thermalization occurs, on average, close to the parent species. As a result, the catalytic
activity is inherently limited, since SET to the substrate must compete with unimolecular, geminate

recombination occurring on a picosecond timescale.

As a further test of the proposed picture, the same CV fitting routine in the presence of RX substrate
was extended to two additional catalysts capable of electron photo-detachment: 4CzIPN under green

light and NMI under blue light, chosen to probe opposite ends of the excess kinetic energy range.

4CzIPN, despite being structurally similar to 4DPAIPN, is characterized by a less reducing ground
state E° (-1.20 V vs SCE, calculated as the half-wave potential). However, excitation at a more
energetic wavelength (525 nm vs 630 nm) perfectly compensates for this difference, generating a hot
photoelectron with an essentially identical reduction potential (E° ~-3.56 V vs SCE) to that ejected
from 4DPAIPN"". Indeed, experimental CVs of 4CzIPN with increasing RX excess are very similar
to those of 4DPAIPN, and remain best described by a bimolecular mechanism (see Appendix G),

whereas the free solvated electron model again fails to reproduce the experimental data.

NMI, by contrast, possesses a comparable ground state reduction potential to that of 4CzIPN (-1.23
V vs SCE), but 440 nm light excitation generates a considerably more energetic hot photoelectron
(E° = —4.05 V vs SCE). This larger excess energy is expected to result in a longer thermalization
length and, consequently, a higher quantum yield of true free solvated electrons. Electrons that escape
geminate recombination decay only through bimolecular back electron transfer, a comparatively
slow, diffusion-controlled process at the low photocatalyst concentrations employed here (< 107 M),
and should therefore remain available for substrate reduction over a much longer timeframe,

enhancing catalytic activity.

This perfectly aligns with experimental data (Figure 32): NMI generates a substantially higher
catalytic current compared to 4DPAIPN for CVs recorded under the same conditions (comparable

excitation rate constants, 4-chlorotoluene y = 50 as substrate, 30 mV/s scan rate).
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Figure 32. Left panel: CVs of 4DPAIPN under 630 nm light without substrate and in the presence of 4-
chlorotoluene (y = 50). Right panel: CVs of NMI under 440 nm light without substrate and in the presence of
4-chlorotoluene (y = 50). Scan rate: 30 mV/s. kexe of NMI under 440 nm light is approximately double
compared to that of 4DPAIPN under 630 nm light, but the effect on the catalytic current is negligible.

In addition to the significantly enhanced electrophotocatalytic performance promoted by NMI, the
underlying mechanism is fundamentally different. This distinction arises from the disparity in excess
kinetic energy between NMI and the cyanoarene PCs, which leads to different thermalization lengths.
Consequently, a bimolecular turnover mechanism — such as the localized solvated electron model that
successfully accounts for the reactivity of 4DPAIPN and 4CzIPN - failed to fit the CVs of NMIL.
Instead, the competing free solvated electron model (involving bimolecular BET, Table 3) reproduced
the experimental CVs far more faithfully. Comparing the fit quality of these mechanisms confirms
that NMI, unlike 4DPAIPN and 4CzIPN, is best described by a unimolecular mechanism, consistent
with a substantially higher yield of free solvated electrons (see Appendix G).

In summary, cyanoarene photocatalysts ejected electrons via electrophotocatalysis with very low
excess kinetic energy. Consequently, these electrons thermalized in close proximity to the parent
photocatalyst, undergoing rapid geminate recombination or only infrequent reactions with nearby
substrates. In contrast, NMI photo-ejected electrons with substantially higher excess kinetic energy;
these electrons thermalized far from the parent molecule, effectively suppressing geminate
recombination. This generated a significantly higher yield of true free solvated electrons, which
ultimately could drive much higher electrophotocatalytic currents. Despite its lower current,

4DPAIPN remains synthetically valuable, as it can effectively cleave R-X bonds in just a few hours.
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3.2. Application of e-PRC in RAFT polymerizations

So far, interest in ePRC protocols has largely focused on challenging, high-energy reactions, whereas
their application to transition well-known processes into mild, renewable energy conditions has never
been explored. Having previously established that red light drives demanding transformations via
DET, this same fundamental pathway is now leveraged under milder potentials to expand the scope

of electrophotocatalysis into the domain of polymer science.

As outlined in Section 1.5, both electrochemistry and photochemistry have been independently
employed as alternatives to thermal radical initiators for triggering RAFT polymerizations. While
eRAFT has seen restricted adoption due to modest performance, PET-RAFT represent a flourishing
research field, spurred by the ongoing development of increasingly efficient light harvesting

materials'®?

, which can operate under both low-energy wavelengths (e.g., NIR light)!®} and low-
intensity conditions (e.g., microwatt irradiation)!%*. Herein, we introduce electrophotocatalytic RAFT
polymerization — termed PET-eRAFT — as a hybrid, dual-stimuli strategy that effectively translates
the ePRC concept into RAFT chemistry, thereby complementing PET-RAFT features with

orthogonal electrochemical control over the reaction progress.

To accomplish PET-eRAFT polymerizations of methacrylate monomers under red/NIR light, a
perylene diimide photocatalyst (PDI) and a trithiocabonate CTA (CDTPA) were used (Figure 33).
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Figure 33. Structures of catalyst, monomers and RAFT agents used for PET-eRAFT polymerizations.

76



Catalysts of the perylene diimide family are widely employed in photoredox catalysis, primarily
because they offer a powerful combination of strong visible light absorption, exceptional
fluorescence, facile functionalization, remarkable thermal and photochemical stability and cost-
effectiveness!>!%. Since these organic chromophores generally offer a more moderate reducing
power compared to that of the high-energy photocatalysts discussed so far, they are better suited for

mild reaction conditions, such as those required in controlled polymerizations'87-188,

Recalling the procedure followed for the electrochemical and photophysical characterization of
4DPAIPN (see Section 3.1.1), the same experimental routine was adopted for PDI. As shown in
Figure 34a, the CV profile of PDI exhibits two consecutive and reversible waves, which can be

associated with the following electron transfer processes:

PDI + e~ = PDI*~ (3.2.1)
PDI*™ + e~ = PDI?~ (3.2.2)

The standard reduction potentials of the two redox couples, calculated from their half-wave potentials,

are EOPDI/PDI°— = — 0.410 V VS SCE and EOPDI-—/PDIZ— = — 0.703 V VS SCE.

Spectroelectrochemistry (Figure 34b) revealed that the absorption spectrum of PDI™ is significantly
red-shifted compared to that of neutral PDI, allowing for selective excitation of the former species

under both 630 nm red light and 850 nm NIR light.
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Figure 34. a) CV of PDI in DMSO + 0.1 M TEATFB, scan rate: 200 mV/s. b) UV-Vis absorption spectra of
neutral PDI and its two reduced forms in DMF + 0.1 M TEATFB. The radical anion and dianion were obtained
via electrolysis at -0.55 V vs SCE and -1.2 V vs SCE, respectively.
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Following the classical ePRC mechanism, PDI"" is generated via sequential one-electron
electrochemical reduction of PDI to PDI" and photoexcitation of the latter species. Literature reports

that PDI"™" features a standard reduction potential (E°pp; sppre—+) 0f —1.87 V vs SCE and a lifetime of

160 ps'®. Unlike 4DPAIPN, this mild reduction potential excludes any ejection of solvated electrons,
while this relatively long lifetime allows dissociative electron transfer (DET) towards labile bonds to
compete against non-radiative decay to the ground state. In the context of RAFT polymerizations,
DET targets the C-S bond of the CTA, prompting its rapid fragmentation. This process yields
propagating radicals, which can add monomer units and eventually enter the main RAFT equilibrium.
Overall, PET to the RAFT agent, and thus polymerization initiation step, is achieved via the combined

electrochemical-photochemical approach depicted in Scheme 17.
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Scheme 17. Proposed mechanism for PET-eRAFT polymerization.

Successful initiation and good control over the PET-eRAFT process rely primarily on a precisely
tuned thermodynamic compatibility among catalyst, CTA and monomer. Specifically, PDI"™" must
be sufficiently reducing to activate the CTA, yet mild enough to leave the monomer intact.
Furthermore, the CTA must possess a sufficiently negative cathodic peak potential (E},¢), to avoid
direct reduction but ensuring selective activation by the open shell excited state catalyst. In the
specific case of the system presented here, all requirements are satisfied: PDI"™" provides sufficient
driving force to activate the CTA (Epccprpa = —1.05 V vs SCE) without affecting the monomer
(Eonsetmma = —1.97 V vs SCE), whereas the CTA itself is inert toward reduction from ground state

PDI" or directly at the electrode surface.
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Building on these thermodynamic and mechanistic premises, bulk electrolyses in DMSO + 0.1 M
TEATEFB solutions containing MMA, CDTPA and PDI were performed under continuous 630 nm or
850 nm light irradiation (see Experimental section). Overall, satisfactory polymer growth was
achieved within a few hours (Figure 35), validating the ePRC-driven initiation strategy. Additionally,
consistent with classical RDRP criteria — outlined in Section 1.5 — the polymerizations proceeded
with linear first order kinetics and low dispersities, while providing high chain-end fidelity, thus

reflecting good control over the reaction progress.
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Figure 35. Evolution of GPC traces over time for a general PET-eRAFT polymerization.

Despite these highly encouraging preliminary outcomes, the PET-eRAFT process was consistently
characterized by a distinct induction period (see for example Figure 36), during which no detectable
monomer consumption occurred. Notably, this initiation delay proved to be correlated with
experimental molecular weights slightly higher than theoretical predictions, suggesting that fewer
chains were initially activated. In traditional PET-RAFT systems, extended induction phases are well-
documented only for oxygen-tolerant or oxygen-accelerated protocols, where they correspond to the
time required to scavenge dissolved molecular oxygen into reactive oxygen species, like singlet
oxygen or superoxide radicals!®’. Conversely, in rigorously degassed environments — such as the
system investigated here — induction times are expected to be negligible or restricted to a few minutes,
typically stemming from slow primary radical generation rates or trace inhibitors/impurities.
Therefore, encountering an extended induction phase under rigorous anaerobic conditions pointed

toward a more complex underlying mechanism, unique to the electrophotochemical setup.
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Accordingly, elucidating the origin of this unexpected behaviour is paramount to mitigating its
impact, thus optimizing the overall PET-eRAFT protocol and electrophotochemical reactions in
general. To achieve this, a systematic parametric study was conducted, mapping the individual
influence of various reaction variables on both induction times and overall polymerization kinetics.
All experiments were conducted under constant 13 W 630 nm irradiation within the thermostated
setup (see Experimental section) to guarantee full reproducibility. This work provided the rational
basis required for the subsequent translation and optimization of the process from red to low-energy
850 nm NIR irradiation, illustrating how rigorous mechanistic understanding dictates the design of

efficient catalytic systems.

3.2.1. Effect of catalyst loading

First, the role of PDI loading was investigated. Catalyst loading is herein defined as the ratio between
catalyst and monomer concentrations and it is expressed in ppm units. Four different electrolyses
were conducted under 630 nm light with varying PDI loadings (50, 100, 200 and 300 ppm,
respectively), while keeping fixed the applied potential (E';,, —60 mV, i.e., 60 mV more negative

than the half wave potential of the PDI/PDI™ couple) and the target DP (DP200).

1,4+ 50 ppm
1,2 4 100 ppm
H 200 ppm
1,04 ® 300 ppm
= 0,8
~ == Theoretical
= 0,6 50 ppm
% ’ 100 ppm
< B 200 ppm
0,44 ® 300 ppm
0,24
001® & - W -@--8 >
0 2 4 80 100

t/h Conversion / %

Figure 36. Left panel: semilogarithmic plot for PET-eRAFT of MMA at different PDI loadings (solid lines
represent the best fit of the dataset, excluding the induction period). Right panel: M, (top) and dispersity
(bottom) as vs monomer conversion. The solid line represents the theoretical M,; dashed lines represent the
best fit of the experimental M, datasets. Conditions: 630 nm light, E'; ;, —60 mV applied potential, DP200.
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The kinetics of monomer consumption were followed by plotting In[M],/[M], against reaction time
(Figure 36, left). According to Equation 1.5.2, a polymerization that is first order in monomer
concentration should give a linear correlation, whose slope corresponds to the apparent rate constant
of polymerization (kp,pp). This semilogarithmic plot revealed two distinct, opposing effects of
catalyst loading: increasing PDI concentration progressively lengthens the induction period, but once
polymerization is underway, the trend reverses, with higher loadings producing steeper slopes and
thus faster propagation. Catalyst concentration therefore does not simply scale the overall
polymerization rate up or down; instead, it shifts the balance between how long the system takes to

initiate and how fast it proceeds afterward.

Concurrently, the molecular weight data obtained by GPC (Figure 36, right) provided a
complementary observation. At every catalyst loading investigated, the experimental molecular
weights exceed the theoretical values calculated via Equation 1.5.4, and the extent of this positive
deviation increases progressively with PDI loading. Nevertheless, dispersities remain narrow across

all conditions, indicating that excellent control over chain growth was retained.

Taken together, direct visual observation of the reaction mixture and the chronoamperometric traces
recorded during electrolysis (Figure 37, left) indicate that the induction period is characterized by the
progressive accumulation of PDI"". The behaviour of current as a function of time can be rationalized
by considering three distinct phases, each associated with a corresponding colour change in solution.
In the first phase, immediately following application of the potential and illumination of the WE, the
current drops sharply as neutral PDI is reduced to its radical anion; this phase is characterized by a
progressive transition from the original orange colour, typical of the neutral PDI, to the green typical
of PDI"". In the second phase, the current stabilizes at a low, near-constant value, indicating that PDI™
remains accumulated in the bulk solution while neutral PDI remains depleted (i.e., no or very slow
catalyst turnover occurs). The duration of this phase increases with catalyst loading, and so does the
intensity of the green coloration, consistent with a larger pool of accumulated radical anion. The third
phase begins when the cathodic current starts rising again, signalling the onset of catalytic turnover:
as neutral PDI becomes increasingly available at the electrode, the solution gradually turns back to
orange, marking the effective start of polymerization (highlighted in Figure 37 left by the vertical
bars). Finally, once PDI"™ has been almost entirely consumed — reflected in the current approaching
its initial value — the system follows the classical hydrodynamic chronoamperometric behaviour, with

the current decaying exponentially as expected.
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Figure 37. Left panel: chronoamperometries at different PDI loadings (vertical solid lines represent induction
times from NMR measurements). Right panel: induction periods and apparent polymerization kinetic constants
as a function of PDI loading. Induction periods are calculated as the x axis intercept of the linear fitting in the
semilogarithmic plot; ky, ., are calculated as the slope of the linear fitting in the semilogarithmic plot.

Two clear trends can be derived from the experimental data: (i) induction time scales linearly with
PDI loading, and (ii) kpapp, scales with the square root of PDI loading (Figure 37, right). While the
origin of the linear scaling of the induction time is not immediately obvious, the square root
dependence on catalyst loading, is the classic signature of a regime in which the concentration of
propagating radicals is set by a steady-state balance between radical generation and bimolecular
termination (the full derivation is provided in Appendix H). This behaviour is analogous to the well-
known square root dependence of the polymerization rate on initiator concentration in free radical
polymerization'”!, with PDI here playing the role of the radical initiator though the

electrophotocatalytic cycle.

The systematic positive deviation of experimental molecular weights compared to theoretical ones is
consistent with a lower-than-expected number of polymer chains: when the same amount of monomer
is distributed among fewer chains, each chain necessarily grows longer than predicted. Since every
CTA molecule is nominally expected to initiate one propagating chain, GPC results indicate that a
fraction of the CTA population fails in doing so. We propose that this loss of active CTA reflects a
competition, at the level of the primary radical, between two possible reaction pathways. Upon
reduction and fragmentation of the CTA, the resulting primary radical can either add a monomer unit
and initiate a propagating chain or terminate rapidly by combining with another radical species before

monomer addition can occur.
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We attribute the observed CTA loss to the latter pathway: a fraction of the primary radicals generated
during the induction period undergo premature radical-radical termination rather than initiating the

propagation cycle, effectively removing active chain carriers.

Two independent approaches were used to estimate the fraction of loss, or “dead”, CTA as a function
of PDI loading (Table 8). The first one relies on charge balance considerations: the reduction of PDI
during the induction period can be considered quantitative, consistent with the massive accumulation
of PDI" observed over this stage; any charge passed in excess of that required for this reduction can

be attributed to unproductive CTA activation. Based on this, the dead CTA fraction is given by:

Qind — Qind th.
F-ncrao

% CTA geaq = 100

(3.2.3)

where Qjnq th. 1 the charge required for quantitative PDI reduction, calculated from Faraday’s law.

The second approach estimates the alive CTA fraction indirectly from GPC M, data. For each PDI
loading, the experimental M, values were linearly fitted and extrapolated to full conversion.

Expressing M, as the total polymer mass at a given conversion divided by the number of chains gives:

Ny o - MWy - conversion + n cra ative - MWera

M =
n(GPO) N CTA alive (3.24)
Rearranging Equation 3.2.4 to explicitly express the dead fraction yields:
Nmo - MWy - conversion
% CTA geaa = |1 — . - 100 395
nerao * (Mn ey — MWera) (3.2.5)
Results from both methods, across all PDI loadings tested, are summarized in Table 8.
Table 8. Effect of PDI loading on key reaction parameters and CTA degradation.
Loading (ppm) 50 100 200 300
ting (h) 1.00 2.18 4.96 7.84
kp,app (h'h 0.18 0.29 0.38 0.47
Qing (©) 0.67 1.27 3.05 6.57
Qind tn. (C) 0.14 0.29 0.59 0.89
% CTA geaq from Qinqg 3.55 6.35 16.36 38.13
% CTA geaq from final M, 2.81 17.05 25.00 32.90
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Overall, the two methods yield comparable estimates, suggesting that the relationship between CTA
loss and PDI loading is mediated by charge consumption. Both methods independently confirm the
same order of magnitude for dead CTA, indicating that at the highest loading tested (300 ppm)
roughly one third of the total CTA is lost before polymerization effectively begins. Therefore, it
appears that during the induction phase the CTA is unproductively lost without generating new
chains. The best balance between short induction period, fast polymerization rate, and reasonably

catalyst loading was found at 100 ppm PDI.

3.2.2. Effect of applied potential

The effect of applied potential on PET-eRAFT kinetics was investigated by comparing four
electrolyses, all carried out under 630 nm irradiation, with a 200 ppm PDI loading and a target DP of
200. The potential imposed at the WE was varied across the different runs: the standard E'; , —60

mV, a milder E'; ; +30 mV, and two potential-step sequences. The milder potential (E'; , +30 mV)

sits on the rising portion of the catalyst's first CV wave, where the equilibrium at the electrode surface
no longer strongly favours the reduced form, rather than immediately after the cathodic peak, where
the reduction of PDI reaching the WE is essentially quantitative (Figure 38, left). This is reflected in
both a roughly halved CV current compared to the E'; ,, =60 mV condition and a correspondingly

lower starting current in chronoamperometry (Figure 38, right), despite the constant catalyst loading.
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Figure 38. Left panel: The three different WE potentials employed, visualized as superimposed to the CV trace
of PDI. Right panel: electrolysis curves (chronoamperometries) for different applied potential protocols.
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The resulting slower and less extensive generation of PDI"™ produced the same effect as a lower
catalyst loading: the induction period collapsed from nearly five hours (at E’; ,, 60 mV) to only 40
minutes at E';; +30 mV; additionally, experimental M, values moved closer to theoretical

predictions. The more negative potential resulted in faster polymerization once initiated (Figure 39).

As no single applied potential appeared capable of delivering both a short induction period and a fast
propagation rate, two potential-step protocols were designed specifically to reconcile these two
requirements: both started at E'; /, +30 mV for 80 minutes before switching to a more negative value:
E';/, =60 mV in “E step (1)”, or E”'; /5 (i.e., half wave potential of the second wave) in “E step (2)”.
Beginning the electrolysis at the milder potential minimizes the induction period; switching to a more
negative potential once the reaction is underway then accelerates propagation, without resetting the
system into a new induction phase. Achieving this, however, requires precise timing: the shift must
be performed only once the RAFT equilibrium has already been set, herein approximately 40 minutes
after the end of induction. Consistent with this, chronoamperometric data show that upon sharply
shifting to the more negative potential, the current rises, but immediately follows the expected
hydrodynamic decay, rather than exhibiting the plateau characteristic of renewed PDI"™ accumulation

(see the “E step (1)” trace in Figure 38, right).
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Figure 39. Left panel: semilogarithmic kinetic plot for different applied potentials (solid line represent the best
fit of the dataset, excluding the induction period). Right panel: M, (top) and dispersity (bottom) as a function
of monomer conversion. The solid line represents the theoretical M,. Conditions: 630 nm light, 200 ppm PDI
loading, DP200. E step (1): 80 minutes E'1/2 +30 mV, then E'1/2 —60 mV till the end. E step (2): 80 minutes

E'yj, +30 mV, then E"'y ) till the end.
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This sequential design proved highly effective: kinetic data (Figure 39, left) confirm simultaneously
reduced induction times and accelerated polymerization, while GPC data (Figure 39, right) reveal
excellent agreement between experimental and theoretical M,, together with low dispersities.
Monomer conversion after 6 hours of electrolysis reached 82% under "E step (1)", and 87% under "E

step (2)", while keeping a fixed E'; , +30 mV applied potential only yields a 62% conversion within

the same timeframe.

When switching to E”; /,, a certain amount of PDI> is also generated at the electrode; this species
most likely comproportionates with neutral PDI to yield additional PDI™, thus further boosting the

propagation relative to the standard E'; ;, <60 mV condition.

3.2.3. Other variables governing PET-eRAFT kinetics

To isolate the effect of CTA loading on the reaction kinetics, an electrolysis at a lower target DP of
100 was carried out, with all other conditions kept at their standard values (630 nm light, 200 ppm
PDI loading and E'; ;, 60 mV potential). Shifting from DP200 to DP100 (i.e., doubling the CTA-to-
monomer ratio) reduced the induction time from approximately 5 hours to 3 hours (Figure 40, left),

while kp 5, remained essentially unchanged within the experimental error (0.370 vs 0.380 h™).
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Figure 40. Semilogarithmic kinetic plot for different target DP (left panel) and for different solution viscosities
(right panel). Solid line represent the best fit of the dataset, excluding the induction period. Conditions:630
nm light, 200 ppm PDI loading, E', /2 —60 mV applied potential.
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The independence of kp, ,p, from CTA concentration is consistent with the nature of the RAFT
equilibrium: degenerative transfer redistributes which chain is growing at any given moment, but
does not change the total number of active radicals in solution. Since ky, 5, depends only on this total
radical population (see Appendix H), it is unaffected by how much CTA is present. The shorter

induction period is consistent with a faster consumption of PDI"™ with higher CTA concentrations.

Finally, to determine whether mass transport dynamics also play a role in the induction period, a
polymerization was carried out under the standard conditions (630 nm light, 200 ppm PDI loading,
E';/, — 60 mV and DP200), but with increased solution viscosity. To increase viscosity without
significantly altering the solvent — and thus avoid concurrently changing polarity and other solution
properties — commercial PMMA obtained by free-radical polymerization (My = 93300; M, = 46400)
was dissolved in the reaction mixture at 8 wt%. Two opposite effects were observed: (i) the
propagation rate decreased markedly (kp app drops from 0.380 to 0.233 h™); and (ii) the induction
time more than halved, dropping from approximately 5 hours to 2 hours (Figure 40, right). Under the
standard operating potential, the reduction current is governed by the rate of PDI diffusion toward the
electrode surface. Since the mass transport scales inversely with solution viscosity, the increased
viscosity is expected to reduce the effective rate of PDI"™ generation, an effect analogous to that
produced by shifting to a milder applied potential (see above). This could explain both the shorter

induction period and the slower subsequent propagation rate.

3.2.4. A mechanistic proposal for the induction period

As previously discussed, GPC and NMR data clearly indicate that, during the induction period, most
of the radicals generated via PET from PDI"" to the CTA preferentially undergo bimolecular
termination rather than adding monomer and entering the main RAFT equilibrium. What remains to
be established is why this unproductive pathway dominates at first, and what causes it to eventually
give way to productive propagation, marking the end of the induction period. A preliminary picture
can be assembled by combining the insights obtained by varying PDI loading, applied potential, target
DP, and medium viscosity. Across all four variables, the induction period reflects the progressive
build-up of a steady state PDI"™ concentration in solution: its duration increases whenever this
concentration is raised, either by increasing the amount of neutral PDI available for reduction, or by
increasing the rate at which PDI" is generated at the WE. Conversely, this duration is shorter when a

larger number of chains must be started, i.e., at higher CTA concentrations.
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In the electrophotochemical setup, the two external stimuli act at essentially different locations within
the cell: electrochemical reduction occurs at the center, where the Pt gauze WE is placed, while
photoexcitation occurs predominantly near the cell wall, where light intensity is highest (see
Experimental section). Crucially, however, PDI"™ is not merely an innocent intermediate of the ePRC
cycle: it is itself a strongly absorbing species at 630 nm, and its accumulation therefore directly affects
how much light is available within the cell. Once the optical density of PDI" rises sufficiently, it
effectively shields the bulk of the cell from incoming light, confining photoexcitation to a thin layer
near the cell wall. This behaviour follows directly from the Lambert-Beer law, which relates the lamp

irradiance attenuation (1/1;) to the thickness of the solution crossed (x):
1/I, = exp(—In(10) -&- [PDI*7] - x) (3.2.6)

where ¢ is the molar absorption coefficient of PDI"™ (16620 M! cm™ at 630 nm) and [PDI*"] is

approximated as equal to the neutral PDI loading, assuming quantitative reduction.

At high PDI loadings — where the intense green coloration and the chronoamperometric traces both
indicate near-quantitative PDI reduction sustained over a prolonged steady state — more than 90% of
the incident light is absorbed in less than 1 mm of the wall (Figure 41), thereby confining
photoexcitation to a vanishingly small fraction of the total solution volume. We refer to this self-
limiting phenomenon as an inner filter effect, borrowing a term typically used in fluorescence

spectroscopy, where it describes light attenuation by absorbing species within the sample itself.!2,

1,0
50 ppm
0,8 100 ppm
s 200 ppm
= 300 ppm
0,64
_O
~

0,4 4

0,2 4

0,0 ——
00 05 1,0 1,5 20 25 30 3,5 40 45 50

Distance from cell wall (mm)

Figure 41. Lamp irradiance attenuation due to absorption from PDI radical anion as a function of the distance
from the cell wall for different PDI loadings. Calculated from Equation 3.2.6, assuming quantitative reduction.
Intersections with the horizontal dashed line indicate the solution thickness at which the incoming light loses
90% of its original irradiance.
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Since photoexcitation is confined to a small volume near the cell wall, all primary radicals are
generated within that same region, resulting in a locally high radical concentration. Because
bimolecular termination scales with the square of the radical concentration (v, o [R*]?), while
propagation scales only linearly with it (v, o [R"][M]), this local excess of radicals inherently favours
termination: once the inner filter effect is established, most primary radicals are lost before adding

monomer, yielding fewer propagating chains than expected.

However, this regime is not entirely unproductive. NMR analysis of samples collected during the
induction period showed that a small, slowly growing polymeric population is already present at this
stage (e.g., ~0.90% conversion after 7 hours at 300 ppm loading — one hour before the end of
induction, while the solution is still dark green), indicating that a minor fraction of the generated
radicals manages to enter the main RAFT equilibrium. We propose that this minor productive fraction
is ultimately responsible for ending the induction period, through a “self-reinforcing” sequence of
events. Even under efficient stirring, hydrodynamic theory predicts the persistence of a tens of um
thick diffusion boundary layer next to the cell wall, in which fluid velocity drops sharply and mass

transport occurs primarily by diffusion rather than convection'*?

. Within this boundary layer, a local
increase in viscosity, driven by slow macroCTA accumulation, would be expected to further hinder
diffusive transport, progressively limiting the extent to which PDI"™ can reach the cell wall from the
solution bulk. As a consequence, a depletion layer could form, in which PDI"™ consumed in CTA
activation is no longer efficiently replenished. As PDI™ becomes locally depleted, light would
penetrate more deeply into the cell, expanding the photoactive volume. In turn, radical generation
would then become distributed in a larger volume, lowering the local radical concentration until
propagation once again prevails over termination. This self-reinforcing loop is consistent with the

observed return of the solution to its original orange colour and with the current increase in the

chronoamperometric trace, reflecting catalytic turnover.

Further experiments to validate this proposed mechanism are planned, including visualizing the

surface depletion layer and monitoring the conversion of CTA to macroCTA in real time.

3.2.5. PET-eRAFT process optimization under NIR light irradiation

The pronounced red-shift of the PDI™ absorption spectrum relative to that of the parent neutral
catalyst (Figure 34b) opens the way to extending the scope of PET-eRAFT toward much lower

excitation energies — namely, into the NIR region. Electrolyses conducted under 13W 850 nm light
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confirmed that PET to the CTA remains feasible even at such low photon energies. As in the 630 nm
system, if electrochemical PDI reduction outpaces photoexcitation, PDI"" accumulates in the bulk,
giving rise to an induction period driven by the inner filter effect. Under NIR irradiation, however,
this induction phase is accompanied by non-negligible conversion and is therefore better described
as a "sluggish regime" rather than a true induction period. This difference likely stems from the lower

molar absorption coefficient of PDI"™ at 850 nm, roughly 1/3 below the value measured at 630 nm.

NIR-triggered PET-eRAFT retains excellent control, as shown by the successful synthesis of a block
copolymer. A macroCTA (target DP of 50) was first prepared using the same setup as the red light
experiments — except for the excitation wavelength — and the electrolysis was stopped before full
MMA conversion, to yield a macroCTA of M, = 3488 Da. As expected from the low catalyst loading
(50 ppm) and target DP, no induction period was observed. This macroCTA was purified (see
Experimental section) and used as the RAFT agent in a second electrolysis with benzyl methacrylate
(BzMA) as the monomer. Despite the higher target DP (DP100), no induction period was observed
here either, likely as a consequence of the high viscosity induced by the presence of the macroCTA.
The reaction reached 97% conversion after 30 hours, affording a narrowly dispersed PMMA-b-
PBzMA block copolymer, as confirmed by the GPC trace shift (Figure 42, left) and following a first-
order kinetics (Figure 42, right). These data confirm the high chain-end fidelity of the NIR-triggered

process, establishing PET-eRAFT as a viable strategy for accessing complex polymer architectures.

—— macro-CTA (M (GPC) = 3488, D = 1.12)
—— PMMA-b-PBzMA (M (GPC) = 9400, D = 1.12)

In([M]/[M]))

27 30 33 36 39 42 45 48
log Mw t/h

Figure 42. Left panel: GPC traces of PMMA macroCTA (grey) and PMMA-b-PBzMA block copolymer
resulting from chain extension (green). Right panel: chain extension semilogarithmic kinetic plot (the solid
line represents the linear fit of the experimental points). Conditions for macroCTA synthesis: 850 nm light, 50
ppm PDI loading, E'y j, — 60 mV applied potential, DP50. Conditions for chain extension with BzMA: 850 nm

light, 50 ppm PDI loading, E'y ;, — 60 mV applied potential, DP100.

90



Building on the mechanistic insights gained above, two main changes were introduced to optimize
the experimental setup relative to the conditions used so far. First, a more powerful light source (45
W at 850 nm, versus the 13 W sources previously used at both 630 and 850 nm) was employed.
Second, the thermostated cell was replaced with a non-thermostated one, allowing the lamp to be
positioned closer to the reaction mixture (see Experimental section). Together, these changes were
aimed at improving light penetration into the bulk solution, thereby suppressing the buildup of PDI™
responsible for the inner filter effect. In turn, this was expected to eliminate the induction period

altogether without affecting the subsequent polymerization rate.

Two experiments were designed to directly test this setup. The first was conducted under the new 45
W, 850 nm setup, at 200 ppm PDI loading, E’; ,, 60 mV applied potential and target DP of 200; the
second replicated these same conditions, but with the lamp intensity reduced to one third.

Semilogarithmic plots and GPC data for both experiments are reported in Figure 43.
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Figure 43. Left panel: semilogarithmic kinetic plot for different light intensities. Right panel: M, (top) and
dispersity (bottom) as a function of monomer conversion. The solid line represents the theoretical M,.
Conditions: 850 nm light, 200 ppm PDI loading, E'; /2 —60 mV applied potential, DP200.

At full light intensity, no induction phase was observed at all, in sharp contrast to the nearly 5 hour
induction period recorded under the previous setup (13 W, 630 nm lamp, jacketed cell). Beyond
eliminating the induction period, full light intensity also boosted the propagation rate, reaching 72%
conversion after 7 hours of electrolysis, while still preserving excellent control over molecular

weights and dispersities. Without the cooling jacket, however, heat rising from the LED itself and
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from non-radiative decay raised the solution temperature to nearly 40 °C, causing modest monomer
evaporation — reflected by a slight kinetic acceleration and by final molecular weights below

theoretical predictions. Addressing this unwanted heating will require further setup optimization.

Reducing the lamp intensity to one third of the maximum power avoided this heating issue entirely,
but was on its own sufficient to cause PDI"™ accumulation, restoring an induction period lasting
approximately two hours. The semilogarithmic plot highlights that this phase is better described as a
sluggish regime than a true induction period, with the polymerization rate rising sharply once the
solution reverts to the colour of neutral PDI. Consistent with this partial re-establishment of the inner
filter effect, conversion after 7 hours reached only 49% and the experimental molecular weights were

slightly higher than predicted, due to modest CTA loss occurred during induction.

Ultimately, the results of these two electrolyses confirmed that the induction period stems from a
kinetic mismatch between two coupled processes — electrochemical generation and photochemical

activation of PDI" — which can be deliberately corrected by proper reactor and light source design.
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4. Conclusions and perspectives

Coupling light and electricity as two independently tunable energy inputs allows electro-photoredox
catalysis to access demanding redox transformations under remarkably mild conditions — with clear
implications for sustainability of chemical reactions — while simultaneously offering a degree of
control over reactivity and selectivity that neither electrochemistry nor photochemistry can achieve
alone. This same combination, however, adds mechanistic and operational complexity, making the
resulting processes difficult to rationalize, predict, and scale. This work addressed this gap through a
multi-scale perspective, spanning from the molecular-level processes governing ePRC reaction
mechanisms to synthetic applicability and, ultimately, to practical aspects of cell configuration and

light/electricity balance.

Two objectives were pursued in parallel: 1) addressing the mechanism of high-energy ePRC reactions
driven by a super-reducing catalyst, and its successful transposition to low-energy red light
irradiation; and ii) expanding ePRC to polymer science, showing that RAFT polymerization under

red and near-infrared light can be independently controlled through applied potential and light.

i) CV analysis of electron ejection dynamics from organic super-reductants

This work disclosed for the first time that recalcitrant aryl halides can be reduced under red light
irradiation using 4DPAIPN, a readily available and comparatively inexpensive organocatalyst,
marking a substantial shift toward milder reaction conditions relative to the blue light typically
required by conventional photoredox catalysis. This reactivity — first observed through the catalytic
current in CV — was subsequently validated at the preparative scale via bulk electrolysis, confirming
that it holds over longer reaction timescales. Nonetheless, further optimization of reaction conditions
and cell design, as well as a more detailed characterization of reaction products and possible catalyst

deactivation pathways remain necessary.

Two additional features reinforce the practical appeal of this system. First, the combined
photochemical-electrochemical strategy sidesteps a well-documented degradation pathway in
conPET systems, where the cyano groups on the catalyst core are progressively replaced by methyl
or hydrogen substituents derived from sacrificial amines, limiting catalytic turnover®*. Second, both
CV and bulk electrolyses showed that, unlike 4CzIPN or NMI, the strongly negative ground state
potential of 4DPAIPN favours aryl radical reduction over coupling with the reduced catalyst,

suppressing another common deactivation pathway.
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Rationalizing the actual reaction mechanism meant confronting a process largely inaccessible to
conventional characterization: the extremely rapid generation and quenching of a solvated electron
born from an excited state that decays on a femtosecond timescale. The voltammetric method
employed here provided an indirect but efficient qualitative probe of this process, as it effectively
distinguished the nature of catalytic turnover, thereby affording complementary mechanistic insights
to those provided by ultrafast spectroscopy with far simpler instrumentation (a common potentiostat
and inexpensive lights). Digital simulations of a large pool of experimental voltammograms,
interpreted within the Marcus-Hush framework, then translated this study into quantitative terms,
yielding key kinetic and thermodynamic parameters. In particular, this analysis returned a standard
reduction potential of —3.37 + 0.17 V vs SCE for the solvated electron in DMF, together with an
intrinsic kinetic barrier of 41 £ 5 kJ/mol for its reaction with aryl halides. Finally, extending the
voltammetric approach across different catalysts revealed that electron ejection dynamics depend
sensitively on the excess kinetic energy imparted upon excitation: more reducing catalyst can impart

excess kinetic energy to the ejected electron, increasing the yield of true free solvated electrons.

Going forward, this mechanistic picture establishes a clear design principle for future super-reducing
photocatalysts: pairing a highly reducing ground state with an excited state energetic enough to eject
catalytically productive, free solvated electrons. Achieving this combination could extend high-
energy ePRC protocols to a broader range of transformations, while bringing them closer to authentic

competitiveness with traditional synthesis.

ii)  Development and optimization ePRC-driven RAFT polymerizations under red/NIR light

The PET-eRAFT polymerization developed here is, to our knowledge, the first NIR-light-triggered
RAFT process to operate without a metal based catalyst, as organocatalytic PET-RAFT has so far

been limited to far-red irradiation!'®*!

, while purely NIR-triggered variants have only been achieved
with metal based catalysts, principally zinc porphyrins or phthalocyanines'®®. Two compounding
constraints explain this limitation. First, organic chromophores that absorb in the NIR region tend to
undergo ultrafast non radiative decay, limiting the efficiency of PET to the CTA. Second, and more
important, NIR photons frequently carry insufficient energy to activate the C—S bond. The ePRC-
initiated process introduced here particularly circumvents this latter thermodynamic constraint, by
supplementing the limited energy of NIR photons with an electrochemical reduction. This

combination of a metal free catalyst and NIR activation carries clear practical implications,
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particularly for applications requiring biocompatibility or the synthesis of well-defined, specialized

polymeric materials through thick, opaque barriers'*®.

Beyond extending PET-RAFT into the NIR, this work also revealed a further advantage inherent to
the dual-stimuli design, namely the orthogonal control over the polymerization process, whereby the
reaction can be accelerated, slowed, or halted and restarted simply by independently adjusting light
intensity or applied potential. This flexibility, however, comes at the cost of increased practical
complexity, as demonstrated by the unwanted induction periods and unproductive reaction pathways
emerging whenever the reaction setup is not carefully optimized. The systematic investigation of the
variables governing this behaviour allowed us to conclude that a fast, well-controlled PET-eRAFT
polymerization hinges on matching the rate of photochemical activation to that of electrochemical
PDI reduction. This balance was readily achieved by progressively varying the applied potential over

the course of the reaction and by improving the cell configuration.

Looking ahead, the principles underlying this balance are unlikely to be specific to PET-eRAFT. A
more quantitative assessment of inner filter effects and mass transport limitations could offer a
template for reactor design applicable to ePRC techniques more broadly. Flow architectures, already
developed for conventional PET-RAFT!’, appear particularly well suited to this task, offering a route
to overcome the poor light penetration identified here as a key setup limitation, while also enabling
scale-up beyond the laboratory framework. Building on such advances, NIR-driven ePRC might
extend beyond polymer chemistry — and beyond synthesis altogether — to fields such as pollutant
degradation or chemical waste upcycling, where its comparatively mild operating conditions could

offer a meaningful advantage over current approaches.
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Appendix

A. Iterative calculation of 4DPAIPN radical anion absorption spectrum

In our spectroelectrochemistry setup, 4DPAIPN could not be quantitatively reduced to 4DPAIPN™.
Therefore, the absorption spectrum of 4DPAIPN™ was reconstructed as follows. The UV-Vis
spectrum of a 2 mM 4DPAIPN solution was first collected to obtain the molar absorption coefficient
(¢(1)) of the neutral catalyst. This solution was then electrolyzed under constant applied potential of
—1.5 V vs. Ag/Agl, and twelve UV-Vis spectra were recorded during electrolysis at 30 s intervals,
during which 4DPAIPN progressively, but not quantitatively converted to 4DPAIPN". For each
collected spectrum at any given wavelength, the total absorbance is the sum of the contributions from
neutral and reduce catalyst forms, which is related to their concentrations by the Lambert-Beer law

(where b is the optical path length (cm) of the cell) and the following mass balance:

Atot = b - {€(A)spparpn - [4DPAIPN] + £(A) 4pparpn-- * [4DPAIPN*~]} (A.1)

[4DPAIPN] + [4DPAIPN*"| = 2 mM (A.2)

(1) 4pparpne- Was obtained by a global fitting procedure (Figure 44): trial [4DPAIPN*~] values for
each absorption spectrum and trial £(1)4pparpne- Values at each wavelength were used to compute
theoretical absorbances via Equations A.1 and A.2. Clear isosbestic points highlighted the smooth

conversion between neutral and reduced photocatalyst.
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Figure 44. Solid lines: representative absorption spectra collected during electrolysis. Dots: absorbances
calculated by the global fitting procedure, showing excellent agreement with experimental ones.



Then, the Excel Solver tool was used to minimize the sum of squared residuals between calculated
and experimental absorbances across all spectra and wavelengths, returning optimized concentrations
and absorption coefficients which perfectly reproduced the experimental dataset. The resulting

(A1) 4pparpne- Values define the calculated radical anion absorption spectrum.

B. Estimation of the effective temperature at the WE under irradiation

The effective temperature near the WE surface under 630 nm light irradiation was estimated from a
calibration curve relating the diffusion coefficient (D) of 4DPAIPN to temperature. CVs of 4DPAIPN
at different scan rates (20, 30, 50, 70, 100, 140, 200 mV/s) were recorded under dark conditions, with

the cell thermostated at six different temperatures (25-50 °C, 5 °C increments).

At each temperature, the experimental voltammograms were fitted using DigiElch software to extract
the corresponding diffusion coefficient. These values were then plotted against the reciprocal of
solution temperature (Arrhenius plot) and linearly fitted, since diffusion is an activated process.

2 o1

Interpolation of the average diffusion coefficient under irradiation — (4.0 + 0.1) -10% cm? s!, see

Section 3.1.1 — on the calibration curve yielded an effective temperature of 31°C (Figure 45).

31°C

3,0 —
0,0030 0,0031

0,0034  0,0035

0,0032 0,0033

1/T (K

Figure 45. Calibration curve relating the diffusion coefficient of 4DPAIPN to 1/T, used to determine the
effective temperature in the diffusion layer under irradiation. Experimental points: diffusion coefficients
extracted from digital simulations of 4DPAIPN CVs; solid line: linear fitting of the dataset.



C. Accounting for light-induced convection in the digital fitting of CVs

To capture light-induced convection in the digital fitting of CVs recorded under illumination,
simulations were performed using the "Finite 1D" diffusion mode in the DigiElch software, which
allows the diffusion layer thickness (6) to be treated as a finite, adjustable parameter rather than
assuming semi-infinite diffusion. Since neither 6 nor the diffusion coefficient (D) under these
conditions are known, both had to be extracted from the fit. First, 5 was calculated through an iterative
optimization. For a series of 8 values, spanning a reasonable range in increments of 0.001 cm, the CV
dataset was fitted and the corresponding standard deviation (S) between experimental and simulated
curves was recorded. Plotting S as a function of 6 identifies the 6 value that minimizes the fitting
error, and thus that is most consistent with experimental data. For the light source and catalyst used
in this work, this optimal & was typically around 70 um. With J fixed at this value, D remained the

only unknown parameter, and its best fit value was obtained directly from the simulation.

D. Assessing of background dark reactivity for labile aryl halides

4DPAIPN is a fairly strong reductant even in its ground state. As a result, when the standard reduction
potential of the aryl halide is sufficiently accessible, DET can proceed via the ground state radical

anion without photoexcitation, following a classical EC’ mechanism (Table 9).

Table 9. Mechanism and fitting parameters for the dark reactivity toward labile aryl halides.

Reaction Kinetic constant Value
PC+e = PC'~ k° 0.007 cm s™!
PC*"+RX—> PC+R*+X~ kqark Fitted
PC'"+R" - PC+R~ kred 1.28 - 101 M 57!
PC*" +R* - [R—PC]” k. 0

As elsewhere in this work, RX is assumed to be reduced to the carbanion (rate constant at the diffusion
limit), neglecting radical coupling pathways. Under dark conditions, non-negligible catalytic activity
was observed only for three substrates — namely, 1-bromonaphthalene, 4-bromobenzonitrile, and
iodobenzene. As shown in Figure 46 for iodobenzene, the catalytic current observed in the dark (left)
is significant compared to that recorded under irradiation (right). This dark contribution must

therefore be quantified and subtracted from the total catalytic current, to avoid overestimating kggt.
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Figure 46. CVs of 4DPAIPN in dark (left panel) and under 630 nm light (right panel), in the presence of
iodobenzene at different substrate-to-catalyst ratios (y). Solid lines.: experimental voltammograms. Hollow
dots: fitted curves. Scan rate: 30 mV/s. CVs in dark were fitted according to the mechanism reported in Table
9; CVs under irradiation were fitted according to the mechanism reported in Table 4.

For this purpose, a CV in dark conditions was recorded in addition to that under irradiation at each
substrate addition and scan rate. The full set of dark CVs was then fitted globally using the EC’

mechanism above, yielding kgar = 60.92 M! s7! for iodobenzene.

This value, however, underestimates the actual reaction rate under irradiation, since the increase in
catalytic activity observed under light is not solely due to the solvated electron generated upon
photoexcitation, but also, to a smaller extent, to a higher dark background resulting from local heating
nearby the WE. To correct for this, a separate series of dark CVs with increasing iodobenzene excess
was recorded at 31 °C, thus matching the local temperature estimated under irradiation. The digital
fitting of this new CV dataset returned kg, = 88.54 M! s, meaning that the reaction rate increases
of 45.3% for a 6°C rise in temperature. This 45.3% correction factor was applied to the 25 °C kgak
values obtained for the other two labile substrates, allowing the dark contribution to the overall

catalytic current to be quantified without additional dedicated experiments.

The resulting 31°C kg, values were incorporated as an additional chemical step in the localized
solvated electron mechanism (see Table 4), enabling the software to decouple the background dark
contribution from the reactivity provided by the solvated electron itself. The results of the background

dark reactivity quantitative assessment are listed in Table 10.



Table 10. SET kinetic constants in dark used in the CV fitting for labile aryl halides and the corresponding
values under irradiation upon subtraction of the background dark contribution.

Substrate kgark (25°C) M1 s71] kgark (31°C) M1 s71] log(ksgr) M s7]
1-BrNaph 3.59 5.21 10.15
4CNPhBr 154.2 223.66 10.44

PhI 60.92 88.54 10.57; 10.61

All three substrates (particularly 1-bromonaphthalene) additionally showed the onset of a second
wave, arising from direct reduction of the aryl halide at the WE surface. This contribution was isolated

by including an additional electrochemical step in the simulation:
RX+e™ - R+ X~ (D.1)

with E°gy/re+x- and the k° manually adjusted to best fit the experimental CV traces.

E. Estimation of the excitation rate constant from the LED photon flux

The formation of 4DPAIPN™* proceeds through a first order reaction driven by light absorption,

whose rate constant (key) is given by!*®:

Kexe = f I,h(A) - () dA (E.1)

where I, (1) [photons s'ecm™] is the incident photon flux at the electrode surface and o(1) [cm?] is

the molecular absorption cross section.

Since o(A) is a per-molecule parameter, it is convenient to define its molar counterpart, the molar

Napierian absorption coefficient k(1) [cm? mol], such that:

k() =a(d) "Ny (E.2)

Substituting Equation E.2 into E.1 and expressing the incident photon flux on a molar basis (I;1(4)

[mol s!' cm™]) by dividing Ih(2) for Ny, yields:

Kexe = f ot (D) - k(2) A (E3)



In turn, k(4) is obtained from the molar decadic absorption coefficient £(1) [M™! cm™'] — the quantity

measured in this work by UV-Vis spectroscopy — through:
k(A1) = 1000 - In(10) - €(4) (E.4)

Here, the factor 1000 converts the volume unit from L to cm?, while the factor In(10) converts the
absorption coefficient from the decadic convention to the Napierian one, required to describe photon

absorption as a probabilistic event.

Based on Equation E.3, for the two light sources used in digital fittings the I;,0;(4) - k() product

was plotted against wavelength and the area under the curve was calculated (Figure 47).
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Figure 47. Plots of k-1 vs 1 for the two different light sources used in quantitative kinetic analysis. The area
under the curve represents the rate constant for the formation of the excited state.

Two correction factors were considered for the k.. value obtained from Equation E.3. The first arises
from incident light reflection at the electrode surface, which enhances excitation efficiency: for the
GC surface of the WE used, a reflectivity of 16% was measured, and the k.. value was corrected
accordingly by a factor of 1.16. The second relates to light attenuation within the diffusion layer,
where 4DPAIPN™ itself absorbs light, potentially lowering the intensity reaching the electrode
compared to that recorded by the optical fiber sensor (see Experimental section). However, applying
the Lambert-Beer equation to typical experimental conditions ([4DPAIPN] = 1mM, & = 70 um)
indicated that only less than 1% of the incident light was absorbed. This second contribution was
therefore neglected. The correction for light reflection at the GC surface yielded Ky = 32.39 s for

the 630 nm light source and key. = 7.77 s! for the 595 nm light source.
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F. Determination of diffusion-limited reaction rates

The diffusion limit (kg;¢r) for a second-order reaction between two generic species A and B in a given

solvent and at a given temperature is given by'®’:

kdiff = 47TNA(T'A + rB)(DA + DB) (Fl)
where 7 [m] and D [m? s7'] are, respectively, the radius and diffusion coefficient of each species.

Evaluating kg for the relevant reactions involved in this work therefore requires the radius and

diffusion coefficient of aryl halides, 4DPAIPN" and solvated electron.

For the aryl halides, the average r value was estimated using the hard-sphere approximation:

1/3
TRx = §<MWRX) (F.2)
4\ Nypr

based on the molecular weight (MWgx) and density (p) of each substrate, while the average diffusion

coefficient was derived as described in Section 3.1.1.

For 4DPAIPN™, conversely, the diffusion coefficient was determined through digital simulations

(Section 3.1.1) and used to calculate the radius via the Stokes—Einstein equation:

_ kgT
re 6mnD

(F.3)

where 7 is the solvent viscosity (for DMF, 7.94 -10* Pa s at 25°C2%),

The effective cavity radius of the solvated electron in DMF was estimated through a calibration
approach based on liquid ammonia. In a simple spherical particle in the box model, the radius of the
cavity calculated in NH3 from the absorption maximum (Apax = 1700 nm?*!) is 1.y = 7.3 A.
Comparing this value with the “real” cavity radius derived from experimental and simulation data
(Treal = 3.2 A?%%) yields a correction factor f = Tyea)/Tealc = 0.44. Applying this factor to the radius
calculated within the same model in DMF (A, = 1680 nm?*), which again results 7.4 = 7.3 A,
leads to 7 = 3.2 A also in DMF. While this approach neglects solvent-specific effects, it provides a
physically grounded rough estimate of the cavity radius in DMF, anchored to a well-characterized
reference system. Sensitivity analysis indicated that limited variations in this value do not appreciably
affect the outcome of the Marcus plot fitting. The diffusion coefficient for the solvated electron was

then determined according to Equation F.3.
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All radii and diffusion coefficients used to estimate diffusion limits are summarized in Table 11.

Table 11. Parameters used to calculate diffusion-limited reaction rates.

Reactant RX (average) 4DPAIPN*- Solvated electron
2 1ns (3.46£0.11) -10°® (dark) i
D (cm~s™) (1.12+£0.07) -10 (4.00 £ 0.13) -10° (light) 1.11-10
r (A) 3.57+0.11 8.01 3.2

G. Digital fitting of 4CzIPN and NMI CVs with simplified EC’ mechanisms

To rapidly and qualitatively assess whether electrons ejected from non-4DPAIPN catalysts remain
localized near the parent catalyst (i.e., localized solvated electron model) or are projected far into the
bulk solution (i.e., free solvated electron model), simplified EC’ electrocatalytic mechanisms were
implemented in DigiElch. This approach allowed us to probe the overarching mechanism without

prior knowledge of the photophysical parameters of the newly investigated photocatalysts.

The complete mechanism for the localized solvated electron ejection is represented in Scheme 18.
of
start
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Scheme 18. Reaction scheme for the ePRC-driven RX cleavage via localized solvated electrons, where the

shadowed region represents all processes encompassed in K yps.
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Applying the steady state approximation to the PC/solvated electron couple (encompassing all
processes in the orange box of the scheme) yields the following expression for its concentration:
kej kexc[PC._]

PC/ e = ey ko) Chyee + Kgr [RXD) @1

From this, the rate of RX consumption is expressed as:

d[RX] _ _ _ kSET kej kexc [PC._] [RX]
ar - RserlPC e R = ) (ree + sgr [RXD)

(G.2)

Alternatively, all steps within the orange box were lumped into a single observed rate constant (kqs),
yielding a simplified bimolecular EC’ mechanism (Table 12). Consistent with the model applied to
4DPAIPN, the two possible downstream fates of the aryl radical — reduction (kyeq) and coupling (k)

— were explicitly accounted for.

Table 12. Mechanism and fitting parameters for the simplified bimolecular EC’ mechanism.

Reaction Kinetic constant Value
_ _ 0.0075 cm s (4CzIPN);
N ) 0 D)
PCt+e = PC k 0.03 cm s (NMI)
PC*"+RX - PC+R* + X~ Kobs Fitted (M'1 s'l)
PC°"+R" - PC+ R~ kred Fitted M s7)
PC*"+R* - [R—PC]” k. Fitted (M'1 s'l)

Within this simplified mechanism, the rate of RX consumption is instead expressed as:

d[RX] _ .
dt - kobs [PC ] [RX] (G.3)

Equating G.2 and G.3 yields the expression for kgpg:

k _ kSET kej kexc
°bS ™ (kg + kej) (Krec + kst [RX]) (G4)

Therefore, by folding all photophysical and chemical processes downstream of electrochemical
reduction (highlighted in Scheme 18) into a single observed rate constant (ks), the bimolecular EC’

turnover faithfully reproduces the electrophotocatalytic behaviour of a localized solvated electron.



Fitting the mechanism of Table 12 to experimental CVs of 4CzIPN under 525 nm light, recorded with
increasing iodobenzene concentrations, gave excellent agreement with the data (Figure 48). Unlike
4DPAIPN, the fit indicates that coupling between the aryl radical and the reduced catalyst dominates
over reduction, as also evident from the marked loss of reversibility even at low catalytic currents.
This is most likely due to the less negative ground state reduction potential of 4CzIPN, which provides

a lower driving force for aryl radical reduction.

i/ pA

E/V vs SCE

Figure 48. Solid lines: CVs of 4CzIPN under 525 nm light in the presence of iodobenzene at different substrate-
to-catalyst ratios (y). Hollow dots: fitted curves using the bimolecular EC’ mechanism. Scan rate: 30 mV/s.

A second, unimolecular variant of the simplified EC’ mechanism was then considered (Table 13).

Table 13. Mechanism and fitting parameters for the simplified unimolecular EC’ mechanism.

Reaction Kinetic constant Value
PC+e™ = PC™ k© 0.03 cm s (NMI)
PC'~ - PC+ D~ Ksep Fitted (s)

D" +RX » D+R" + X~ kobs Fitted (M s
D" +PC - D+ PC* kgeT Fitted (M s7)
PC”"+R' - PC+R~ kied Fitted (M s

PC*” +R* - [R—PC]” ke Fitted M s7)




Herein, the reduced catalyst is assumed to eject a donor species — effectively mimicking the ejection
of a solvated electron — while itself immediately reverting to the neutral, re-reducible form. The
ejected donor species can subsequently either reduce the substrate or recombine with the neutral
catalyst. This simplified unimolecular EC’ turnover effectively reproduces the electrophotocatalytic

behaviour of a free solvated electron.

The complete mechanism for free solvated electron ejection is represented in Scheme 19. The
mechanism of Table 13 result from the encompassing of photoexcitation, non-radiative decay and
SET to the substrate (orange box) into a single rate constant (k,,s). However, a closed-form
expression for ks, analogous to Equation G.4, could not be derived in this case, as the additional
donor ejection step (kgep) introduces further complexity that the steady-state treatment cannot resolve

into a single explicit relationship.

kO (iv)

products

Scheme 19. Reaction scheme for the ePRC-driven RX cleavage via free solvated electrons, where the shadowed
region represents all processes encompassed in Kgps.

Experimental NMI voltammograms — recorded under 440 nm light with increasing 4-chlorotoluene
concentrations — were fitted using both bimolecular and unimolecular EC’ mechanisms, with the latter
showing markedly improved fit quality (Figure 49). Nevertheless, it is likely that experimental CVs
are affected also by a minor bimolecular contribution, so that a mixed unimolecular-bimolecular
fitting would provide the best results. As with 4CzIPN, radical coupling dominates over reduction as

the downstream fate of the aryl radical.
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E/V vs SCE E/V vs SCE

Figure 49. Solid lines: CVs of NMI under 440 nm light in the presence of 4-chlorotoluene at different substrate-
to-catalyst ratios (y). Hollow dots: fitted curves using the bimolecular EC’ mechanism (left panel) and the
unimolecular EC’ mechanism (rvight panel). Scan rate:30 mV/s.

H. Derivation of the apparent polymerization rate dependence on PDI loading

The simplified reaction mechanism for PET-eRAFT polymerization is summarized in Table 14.

Table 14. Mechanism steps and their relative rate constants for PET-eRAFT polymerization.

Reaction Kinetic constant
PDI + e~ = PDI*™ k°
PDI*” + hv - PDI*™* keoxc
PDI*™™ — PDI*~ kq
PDI*™" + CTA - PDI+R° kpgT
R*+M - P° ky,
R* 4+ R* — dead chain ky

Applying the steady-state approximation to PDI'~ and PDI"™", together with the general mass balance
on all PDI species, yields the Equations H.1-H.3, where [PDI], is the initial PDI concentration:
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k°[PDI],
PDI*7] = (H.1)
[ ] kO + kexc ) ¢PET

Kexc - [PDI*™
[PDI._*] — exc [ ]
kd + kPET ) [CTA]

(H.2)

__ kpgr " [CTA]
$pET = )
kq + kpgr - [CTA]

(H.3)

Given that the polymerization follows pseudo first order kinetics, radical concentration is constant,

and the initiation rate must be equal to the termination rate:
kpgr * [CTA] - [PDI"™*] = 2k, - [R*]? (H.4)

Solving Equation G.4 for [R*] and substituting Equation H.2 gives:

ey = [keer [CTAI [PDI"] _ |kper - kexc - [CTA] - [PDI] (H5)
= 2k, 2k - (kg + kpgr - [CTA]) '

Finally, since kp, 5., is directly proportional to [R"], it follows from Equation H.5 that k, 5, depends

on the square root of [PDI*"] and hence, through Equation H.1, this translates into an analogous

square root dependence on [PDI],.
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