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Preface

Context: climate change and the energy issue

Over the last century, our Planet has undergone a major climate change pathway,
that evidence has linked to anthropic activity. Anthropogenic emissions of carbon
dioxide, a greenhouse gas, have been proven responsible for the steady increase
in CO2 concentration into the Earth’s atmosphere (420 ppm at the end of 2022),
and are correlated with an overall global temperature increase (+1.2 °C since
1850-1900). CO2 emissions are indeed foreseen to cause, mainly by the
greenhouse effect and water bodies acidification, a major climate change of which

we are beginning to experience the effects.

The main cause for the ever-increasing CO2 emissions lies in energy production
by combustion of fossil fuels (namely petroleum, coal, and natural gas). In fact,
as per the latest reports, fossil fuels are still the most widely used sources of
energy on the global scale, accounting for 80% of the total energy consumption.
This implies severe consequences in terms of unbalanced carbon emissions with
respect to the natural carbon capture ability of the environment. Furthermore,
fossil fuel combustion is highly impacting on air quality, being associated with
emissions of gaseous polluting agents (nitrogen oxides, carbon monoxide,
uncombusted fuels) and particulate matter (PM), which compromise health with
acute and chronic effects. Finally, processes for extracting fossil fuels are most
often irreversibly impacting on delicate ecosystems with lingering and widespread

consequences.

Global energy demand has been increasing consistently with the development of
industrial civilisation. Since 1990, global energy consumption has increased from
8500 Mtoe (million tonnes of oil equivalent, 1 toe = 11.63 Wh) to over 14000 Mtoe
in 2022, with a prominent contribution of developing countries in Asia. To supply
the global energy demand, driven by world-scale development, the only long-term
sustainable choice is the transition towards an energy supply based on
sustainable sources. Currently, great effort is being devoted to substituting fossil



fuels for sustainably provided electricity, carbon-neutral fuels from COz2, and on
H2 as a clean chemical energy vector. Together, these strategies are aimed at the

so-called Energy Transition.
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Figure A. Top left: plot of Global Warming Index as a function of time, data reported
from https://www.globalwarmingindex.org/. Top right: atmospheric CO. concentration as
a function of time, registered at Mauna Loa Observatory, data reported from
https://gml.noaa.gov/ccgg/trends/. Bottom left: energy consumption as a function of
time (1990-2021). Different colours indicate different geographical regions. Data
reported from https://yearbook.enerdata.net/total-energy/world-consumption-
statistics.html. Bottom right: graph of the different energy sources globally used
(referred to 2021).

Scientific research should address these issues with competence, providing
solutions both on the environmental and energetic fronts. In particular, Chemistry

is involved with great potential and equally prominent responsibilities in:



i) CO2 emissions and pollution monitoring and remediation;
i) COz2 valorization and recycling;

iii) transition towards a sustainable energy-based civilisation.

These interconnected tasks encompass different specialized fields of chemical
sciences, thus involving the chemist’'s community as a whole. Part of the thought
arsenal to face the challenge is constituted by the 12 principles of Green
Chemistry, which have been guiding the rise of a more sustainable approach to
the chemical industry. Regardless, these should be integrated and encased in a

larger context.

Another, complementary, key responsibility of scientists lies in knowledge
dissemination and sensitization towards these themes, not only exposing the

issues, but especially the possible solutions and their long-term viability.

The research work detailed in this Thesis is intended as a contribution to this
greater endeavour, especially to highlight the importance of fine chemical design
in conjunction with inspiration from the rich and powerful chemistry observed in

Nature.

Artificial photosynthesis

Activation of small molecules — i.e., naturally abundant, chemically simple
substrates with low molecular weight — has potential benefits for synthetic and
energy-oriented strategies. Two of the most targeted molecules are water and
carbon dioxide: they represent the richest source of carbon and hydrogen in
nature. However, they are the oxidative chain end of organic compounds, a
thermodynamic sink that makes them unexploitable per se. Their activation and
subsequent conversion to useful chemicals therefore calls for reduction

processes to be performed.

Sustainably achieving hydrogen evolution from water and carbon dioxide
reduction would provide access to carbon-neutral fuels compatible both with



current technologies and with the increasing energy demand, by maintaining a

lighter environmental footprint.

Artificial photosynthetic systems aim at performing solar light-driven redox
reactions through similar strategies exploited in natural photosynthesis, exploiting
the most abundant natural energy source. A chromophore unit (photosensitizer)
harvests light and generates a charge separation which in turn may trigger the
target redox reaction in the presence of a suitable catalyst. This modular
approach, which allows for optimization of each component of the system, has
been directed towards water splitting into its elemental constituents (in particular
generating Hz as a fuel and commodity chemical), and also to carbon dioxide
reductive activation. Viable strategies that have been explored may exploit a
photovoltaic unit, which generates an electromotive force upon light absorption;
electrochemically active systems are therefore devoted to separately perform the
target redox reactions. Photoelectrochemical cells, on the other hand, incorporate
photosensitizers and active redox centres in compact devices (photoelectrodes)
to directly trigger reactions in the presence of a light source. Finally, a newly
emerging trend targets colloidal photocatalytically active nanoparticles, either in

suspension or immobilized.

In this context, ground-breaking research has been recently published, a
testimony of the promising colloidal photocatalytic approach'?. Specifically,
“frame box” transparent photoreactors containing layers have been reported by
Domen and co-workers, who constructed a 100 m? array of photoreactors based
on nanostructured aluminium-doped strontium titanate layers. These water
splitting devices reached a conversion efficiency of solar light into H2 of 0.76%, at
the same time proving safe, scalable and durable. The same photoreactor
architecture has been applied by Mi and co-workers, who reported nanostructured
photocatalyst indium gallium nitride (InGaN/GaN), loaded with Rh/Cr203/C0304
reaching an outstanding 9.2% solar-to-hydrogen conversion efficiency from

photocatalytic water splitting.



These recent findings are the testimony to the future of artificial photosynthesis
as a strategy for integrating effective, bio-inspired approaches into active

solutions to the energy-related and climatic issues.

Thesis outline

The present Thesis work is the compte rendu of the research carried out during
my Doctorate in the Molecular Sciences Doctoral School at the University of
Padova. The research themes are related to the NEXuS project (Nanochemistry
for Energy and Health), granted to the Department of Chemical Sciences of the
University of Padova. Given the nature of the research topics explored, the Thesis

will be organized in three sections, namely:

1. Molecular catalysis of the electrochemical reduction of carbon dioxide by
iron Schiff base complexes.

2. Hybrid photoactive catalytic materials for photoelectrochemical water
oxidation to O2.

3. Emerging (photo)electrochemical strategies for organic reactivity.

The research has been targeted towards the relevant topics described below,
especially valorisation of COz2 in terms of its conversion into fuels and chemical
feedstock and its use in organic reactivity for fine chemistry. On a parallel front,
novel systems exploiting solar light for relevant oxidative chemistry have been
studied. These themes have been interpreted under different facets during my
research, following a fil rouge binding together the rational design of molecules
and their catalytic properties, with particular focus dedicated to the mechanistic

description of the systems.

The work has been a collaborative effort, and the invaluable contribution of other
researchers involved in the original work has been credited throughout the Thesis.
A relevant portion of the material reported has been published in scientific journals
during the Doctorate period. The publications are mentioned at the beginning of
each competent Section.






SECTION 1.

Molecular catalysis of the electrochemical
reduction of carbon dioxide by iron Schiff base
complexes

Disclaimer:

This section contains material previously published in scientific
jJournals, in the form of articles of which | was an author.
Reproduction of the of graphic material from the publications in the
present Thesis was authorized by the Editors.

“Electrochemical Conversion of CO2 to CO by a Competent Fe' Intermediate
Bearing a Schiff Base Ligand” Bonetto, R.; Altieri, R.; Tagliapietra, M.; Barbon,
A.; Bonchio, M.; Robert, M.; Sartorel, A. ChemSusChem 2020, 13(16), 4111—

4120.

Copyright Wiley 2020.

“Carbon Dioxide Reduction Mediated by Iron Catalysts: Mechanism and
Intermediates That Guide Selectivity” Bonetto, R.; Crisanti, F.; Sartorel, A. ACS
Omega 2020, 5(34), 21309-21319.

Copyright 2020 American Chemical Society.

“Fe' intermediates in N2O2 schiff base complexes: Effect of electronic character
of the ligand and of the proton donor on the reactivity with carbon dioxide”
Bonetto, R.; Civettini, D.; Crisanti, F.; Sartorel, A. Energies 2021, 14(18), 5723.



1. Introduction

1.1 CO; valorization

Carbon dioxide is being currently regarded as an abundant carbon feedstock.
Furthermore, utilization of CO2 as reagent in chemical processes is considered a
viable strategy to mitigate its environmentally impacting emissions. For these
reasons, research aimed at upgrading CO2 exploitation at the industrial level has
sprung several approaches over the last decades. Relevant applications involve
the cycloaddition of CO2 to epoxides to generate polycarbonates or cyclic
carbonates.3 More challenging transformations are the fixation of carbon dioxide
into organic molecules, to obtain carboxyl derivatives.* A third major route of CO2
utilization is its conversion into fuels or commodity chemicals, to meet an economy

based on carbon-neutral chemical energy income.®

To date, no electrochemical processes that involve reduction or fixation of CO2
are industrialized. Carbon dioxide is characterized by a high stability, acting as a
thermodynamic sink in all oxidative transformations of organic molecules. Indeed,
its fixation into organic scaffolds or its conversion into fuels involves reduction at
the carbon site. The thermodynamic barrier associated with CO2 one-electron
reduction is formalized by a standard reduction potential of —1.97 V vs SHE
(Standard Hydrogen Electrode) in N,N-dimethylformamide (DMF). Formation of
the radical anion requires population of antibonding orbitals in the CO2 molecule
upon reduction, and a geometry variation from linear to bent, thus justifying the
very negative value of the standard potential and the high kinetic barriers for the

process (Eq. 1).

CO2+e — CO2"~ (Eq. 1)

When CO: activation is directed towards fuel or commodity chemicals synthesis,
the processes consist in multi-electron reductions often involving an equal number
of proton transfers. The presence of proton transfers renders the thermodynamics

of CO2 reduction less demanding, resulting in less negative values of E° (Table
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1). Depending on the medium chosen, the proton source may be introduced as
an external component, usually a weak acid, or be the reaction solvent, as in
aqueous systems. While employing water as a solvent is appealing in the scope
of working according to the principles of Green Chemistry, systems are often
limited by the low solubility of COz in water (circa 0.04 M). Organic solvents as
acetonitrile (ACN) and N,N-dimethylformamide (DMF) are more frequently
employed, given the high solubility of CO2 (0.28 M and 0.23 M in ACN and DMF,
respectively). Focusing on the possible reaction mechanisms, CO2 reduction
necessarily occurs in a multi-step reaction scheme. These reactions, consisting
of proton-coupled electron transfer (PCET) events, accompany C-O bond
cleavage and possible contextual C—H bond formation. Therefore, CO2 reduction

is usually mechanistically complex.®

The practical approaches to CO:2 reduction are the electrochemical and the
photochemical strategies, both detailed below.” From an introductory standpoint,
it is useful to focus on CO:2 electrochemical reduction. In such a context, the
electrons required to reduce carbon dioxide originate from an electrode surface
contacting an electrolyte solution. The kinetic barrier associated with CO2
reduction is quantified as an overpotential term (n), the additional voltage required
to drive the reaction at a specified rate on the electrode material considered.
Different electrode materials display a range of electroactivity towards CO:2
reduction, with metals being generally more active than cheaper carbon-based
materials. However, direct reduction of carbon dioxide on electrode surfaces
tends to suffer from a low selectivity resulting in a variegate mixture of gaseous
and liquid products, together with a significant contribution from the hydrogen
evolution reaction (HER).2 This latter is the most frequently encountered side-
process, stemming from the necessity of employing proton sources as either the
solvent or an additive. For these reasons, a fine control over the reaction
mechanism to drive selective CO2 reduction while operating at low overpotential
is a highly valuable feature to be targeted. Such requirements call for the use of
catalysis as the most powerful instrument to promote CO2 reduction to functional

devices.



Semi-reaction E°/V vs SHE

CO, +2H* +2e~ — HCOOH _0.25

CO>+ H,0+ 2e” —» HCOO™ + OH™ -1.08

CO>+ H,0+ 2e” - CO + 20H™ 011

CO, +2e 2H" - CO + H,0 —0.93

CO, +4e” +4H" - CH,0 + H,0 —0.07

CO, + 3H,0 + 4e~ — CH,0 + 40H" ~0.90

CO, + 6H" + 6~ — CH,0H + H,0 +0.02

CO, +5H,0 + 6e~ » CH;0H + 60H~ —0.81

CO, +8H* +8e~ — CH, + 2H,0 +0.17

CO, + 6H,0+8e~ - CH, + 80H™ _0.66

2C0, + 2H + 2e~ — H,(C,0, 050

200, +2e” = C,07~ —0.59

2C0, + 12HY +12e~ - CH,CH, + 4H,0 +0.06

2C0, + 12HY + 12e~ - CH;CH;0H + 3H,0 +0.08

Semi-reaction Solvent E%/V vs NHE
CO,+2e” +2H" - CO+ H,0 CH;CN ~0.65,-0.75
DMF -1.36
DMF +2 M H,0 —069
DMF + HBF, 026
CO, +8e” +8H' - CH, + 2H,0 CH;CN _048
DMF

-1.11

Table 1. Carbon dioxide semi-reactions in aqueous (top) and organic (bottom) media,

with the associated standard potentials values. Data taken from °.
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1.2 Electrochemical catalysis

Over the course of the last decades, intense efforts have been dedicated to the
development of electrochemistry, highlighting its paramount role in the
investigation of chemical processes. Indeed, electrochemistry provides an arsenal
of tools for studying and performing chemical reactions, allowing to gain
meaningful insights in their mechanism but also to operate preparative-scale
experiments under finely controlled conditions. Given the key need for efficient
catalytic systems to sustainably drive redox processes, the field of electrocatalysis
naturally developed in conjunction with emerging topics such as battery research,
analyte sensing and detection, pollution abatement, biomass upgrade, and fuel

synthesis.

In the present thesis, the distinction formulated by Jean-Michel Savéant and
collaborators between electrocatalysis and molecular catalysis of electrochemical
reactions will be adopted’®. The former implies an active role of the electrode
surface in chemically mediating a target reaction, while the second relies on
molecular catalysts to mediate electron transfer between an inert electrode and
the reactants. The latter approach, schematically represented in Figure 1, has

been followed throughout the work described herein.

CATRED Substrate

ET ET

Products

moOOoOXxn—H4Omrm

CATOX

Figure 1. Schematic representation of the action mechanism of molecular catalysis for

electrochemical reactions.
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The need for a catalyst to drive a redox reaction lies in the inertness of the
substrate towards chemical transformations. This feature is quantified in terms of
overpotential, representing the required contribution that hampers the reaction
from occurring at its standard potential value in the chosen conditions. The
foremost role of the catalyst is therefore acting as a mediator of electron transfer
(ET) from the electrode surface to the reactants, lowering the overpotential with
respect to the direct use of the electrode material. Key requirements for a
molecular catalyst to be employed in electrochemical reactions are the ability to
easily access multiple reactive oxidation states and to interact with the substrate
and with intermediates deriving from the subsequent steps of the catalytic

cycle.112

Specifically, molecular catalysts can be introduced in the electrolyte solution
interfacing with the electrode or immobilized on its surface in the form of mono-

or multilayers (vide infra).

The main advantages of homogeneous strategies for targeting a catalytic

transformation are listed in comparison to heterogeneous systems:

i) Mechanistic investigation is generally accessible and allows for an
easier study and a more detailed understanding of the key steps of the
catalytic cycle.

ii) Optimization of catalyst performance through structure design, based
on the aforementioned analyses is within the reaches of molecular
synthetic protocols.

iii) Good reproducibility of experimental results is generally attainable.

iv) Benchmarking criteria are more easily established and allow a clear-cut

comparison between different systems.

Nonetheless, homogeneous molecular catalysis suffers from the need of recycling
the catalyst through separation from reactants and products. This issue can be
somewhat overcome while keeping the above positive features of a molecular
catalyst by transitioning to molecular immobilized catalysis. In this regime, the

molecular catalyst is transferred to a functional surface, possibly after a minor

12



synthetic modification of its structure to satisfy such requirement. Immobilization
can rely on coordination, covalent or non-covalent bonding interactions, often in
combination with each other (Figure 2)'3-24, Such operation is however conducted
under the assumption that the mechanistic features studied in homogeneous
systems will apply to the immobilized ones, i.e. that immobilization is innocent
towards the reaction mechanism and performance. When these strategies are
directed towards electrochemical systems, it is straightforward to consider the
working electrode, by definition, as the functional surface in an electrochemical
cell. Several examples of electrolyzers and photoelectrochemical cells for carbon
dioxide reduction featuring molecular catalysts immobilized on the surface of

otherwise inert electrodes have indeed been recently reported?>-29,

o Weak interactions Polymeric matrix
T M
1BuP — I — P8,

o o
‘G‘G :
@

Figure 2. Examples of immobilization strategies of molecular catalysts on functional

electrode surfaces. Figure reproduced with permission from 24, Copyright 2017 Elsevier.
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Despite the application-oriented nature of immobilized molecular catalysts in
functional devices, and considering the nature of the work discussed in this
Thesis, particular attention will be devoted to homogeneous systems. In these,
the catalyst is present in solution and can reach the electrode surface by means
of mass transport. The description of an electrocatalytic system depends on the
physical and mathematical instruments necessary to define the experimental
techniques chosen to perform such a study. In fact, electrochemical systems are
theoretically described in terms of spatial composition profiles of the chemical
species involved, as a function of the distance from the electrode surface, of its
geometry and of the active modes of mass transport. The spatial region of
interaction between the electrode and the catalyst is regardless confined in close
vicinity to the electrode surface and is denoted as diffusion layer. In the presence
of a substrate able to react with the active form of the catalyst generated at the
electrode, a chemical reaction will accompany the Faradaic process at the level
of the catalyst. Thus, homogeneous chemical transformations will occur in a
region now denoted reaction-diffusion layer. The term refers to the spatial region
in which electrochemical (interfacial) and chemical (solution) processes induce
compositional changes of the solution with respect to the bulk (Figure 3). Catalyst
and reactants access to the electrode and products release are the mass
transport steps to be taken into account when formalizing a treatment of such

systems, along with the homogeneous chemical reactions involved.30-3%

14
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reaction —diffusion diffusion-convection .
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Figure 3. Left: schematic representation of the structure of the interphase between an
electrode and a solution in the occurrence of an electrochemical reaction. Figure
reproduced from with permission from 3°. Copyright 2015 American Chemical Society.
Right: relevant mass transport and chemical reactions occurring in the different regions
of the interphase, with respective equations. Figure reproduced with permission from 33,

Copyright 2012 American Chemical Society.

The brief introduction to the principles of electrochemical catalysis in
homogeneous conditions is intended to highlight the intrinsically complicated
nature of these processes. Regardless, electrochemistry provides a paramount
advantage, since the tools used to drive electrochemical reactions allow to track
them in operando by monitoring the temporal evolution of informative variables
(current, potential, charge). Therefore, instrumental techniques carry the potential
for extracting mechanistic information and benchmarking parameters while

performing reactions.
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1.3 Catalyst benchmarking criteria

The properties required to characterize any catalyst in terms of performance

(catalyst benchmarking) are:

i) Turnover Frequency (TOF), defined by Eq. 2 as the ratio between the derivative
of the evolved molar amount of target product (np) with respect to time (t) (i.e., the

reaction rate) and the molar amount of catalytically active sites ncat.

_dn,(8)/dt

Neat

TOF (Eq. 2)

These latter, in the case of a molecular electrocatalyst, correspond to the number
of catalyst molecules at the interphase with the electrode surface, i.e., the active

catalyst molecules (vide infra).

ii) Turnover number, operatively defined as the ratio between the molar amount

of a product and the molar amount of (active) catalyst, according to Eq. 3:

np ()

Neat

TON ~ (Eq. 3)

Eq. 3 is linear in the regime of stable catalytic activity, i.e. of constant TOF, and
usually levels to a plateau when the system suffers from processes determining
its activity to diminish over reaction time. A useful parameter to be introduced is

TONiim, the maximum value of TON achievable before system deactivation.

iif) Chemical selectivity (CS), defined as the ratio between the molar amount of

target products and the total molar amount of products, Eq. 4:

ny
CS = S (Eq. 4)

iv) In the field of electrocatalysis, a further key benchmarking parameter is the

Faradaic efficiency (FE), or Faradaic yield (FY). This is defined by Eq. 5 as:
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neMn,
o = 0w/ F] (Eq-5)

where Qo the total charge passed through the system, ne is the number of
electrons involved in the target reaction and F the Faraday constant (96485 Cmol~
1). The equation can be intended as the overall conversion of the charge passing
through the system into the target product of the reaction. Values lower than the
theoretical maximum are indicative of side-reactions that can lead also to
abatement of chemical selectivity (such as the HER as parasite reaction towards
CO2 reduction) and/or to decomposition of the catalyst. In fact, Faradaic efficiency
may be regarded as the electrochemical selectivity of the desired Faradaic

reaction, with respect to the overall processes occurring in the system.

v) Overpotential (n), already defined as the difference between the potential
applied to a working electrode to drive the catalytic reaction and the standard
potential associated to the conversion of the substrate into the target product. As
will be elucidated in Paragraph 1.4.1, molecular catalysts are characterized by
well-defined relationships between their TOF and n. For this reason, meaningful
catalyst benchmarking relies on considering both parameters. An oftentimes
useful convention consists in providing the n value at the standard potential of the
active form of the catalyst (E%at), or at the specific potential applied in single

experiments.

vi) Onset potential (Eonset). The elusive concept of onset potential for a catalytic
reaction is hereafter introduced. Indeed, several definitions have been formulated

for Eonset, two operatively useful being:

a) The potential at which the current deviates from its baseline value due
to the insurgence of an electrocatalytic reaction.3®
b) The more positive (for cathodic processes) potential at which the

targeted electrocatalytic reaction product is observable.36:37

The onset potential is usually determined for benchmarking purposes, to provide

the minimum overpotential value at which the catalyst is active. Eonset as per
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criterion a) is easily obtained from voltammetric experiments. However, its
definition is arbitrary, given that the increase of catalytic current can be erratic and
depending on many parameters, including the operator choice. In the literature, a
used internal convention substitutes Eonset for the overpotential at which a current
density of 10 mAcm=2 is attained for rotating disk electrode voltammetry (RDV)
experiments (at given scan rates and rotation speeds) as benchmarking
parameter. Convention b) is supposed to afford a more reproducible
determination of the minimum overpotential at which an electrocatalyst may be
practically employed. However, determining trace products at the very foot of the
catalytic wave can be experimentally demanding, requiring special techniques as

on-line electrochemical mass spectrometry (OLEMS).3’

At any degree at which the discussion is to be sustained, it should be remarked
that the use of Eonset as @ benchmarking parameter for molecular catalysts has
been heavily discouraged, given the lack of a formal derivation and a mechanistic
significance of the onset of catalytic waves. Instead, the use of catalytic Tafel plots

(vide infra) is to be preferred.3®

1.4.1 Cyclic voltammetry — Catalytic Tafel plots

The most widely used technique to characterize and evaluate electrocatalytic
properties of molecular compounds is cyclic voltammetry, a non-destructive
transient method operating under diffusion constraints. A detailed description of
the technique and of its theoretical foundations is beyond the scope of the present
thesis and may be found in specialized books. However, elucidating the principles
of cyclic voltammetry applied to molecular catalysis of electrochemical reactions
is beneficial for the subsequent discussion. In this context, the most important
parameters used in the present Chapter are hereafter summarized in Table 2 for

the sake of clarity".1239,

In the presence of a catalytic reaction, the current response associated with the

catalyst transitions from a usually reversible or quasi-reversible one-electron
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redox couple to an irreversible, multi-electron wave. This is the resulting effect of
turnover occurring in the diffusion-reaction layer when the active form of the
catalyst is generated at the electrode. From the shape of the wave and the
potential and current associated with it, it is possible to derive thermodynamic and
kinetic information about the catalyst, specifically its operational overpotential and
the rate constant for the catalytic process (kcat). Systematic experimental studies
of a catalyst can be performed by acting on substrate and catalyst concentration

and scan rate, this latter defining the time domain of the voltammetric experiment.

Parameter Definition Dimensions
R Gas constant 8.314 JK-'mol"
F Faraday constant 96485 Cmol!
co Analytical concentration of a species molcm3
v Scan rate of a voltammetric experiment Vs
i Current A
ipi Plateau current of purely kinetic catalytic wave A
i% Peak current in the absence of catalysis A
A Electrode area cm?
D Diffusion coefficient of a species cm?s!
E Potential V
E° Standard potential vV
n Overpotential \'%
Keat Rate constant for the catalytic process s
Y Excess factor
A Kinetic parameter
TOF Turnover Frequency s
TOF hax Maximum Turnover Frequency s
TOF, Turnover Frequency atn =0 s

Table 2. Summary of key parameters used in relevant equations in Chapter 1.4.
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Theoretical treatment of the voltammetric response in electrocatalytic systems
has been elaborated by Savéant and co-workers for simple catalytic mechanisms,
involving one-electron transformations of the substrate (S) to generate a product
(P) in one step (Eq. 6a-b)32:39:40;

Cat%* + e~ = CatRed (Eq. 6a)
CatRé? + S = P + Cat®* (Eq. 6b)

The mechanistic picture indicated by Eq. 6a and Eq. 6b is usually indicated as
EC', where E and C stand for an electrochemical and a chemical step,
respectively. Incidentally, the mechanism and its theoretical description provided
herein refer to cathodic processes. This has resulted in the formal description of
the possible shapes of catalytic waves, of the causes underlying the response,
and of the quantitative kinetic and thermodynamic parameters obtainable in each
case. The collective representation of the catalytic waves has been proposed in

terms of a zone diagram, defined as a function of two parameters:

i) the kinetic parameter A (Eq. 7),

1o ) @

i) the excess factor vy, i.e. the ratio between the initial concentration of the

substrate and of the catalyst (Eq. 8).

Y =0C3/Cou (Eq. 8)

By acting on the two parameters, i.e. by modifying the scan rate v and the
concentrations, it is possible to navigate the diagram, transitioning from one
regime to the other. Each zone represents a family of catalytic curves that would
deserve an individual discussion, as could be found in detailed publications. It
should be noted en passant that, albeit escaping a readily available mathematical

description, the experimental reconstruction of zone diagrams was achieved by
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Dempsey and co-workers for the hydrogen evolution reaction catalyzed by a Co
complex, involving an overall two-electron transformation with formation of

hydride intermediates.

TOTAL
CATALYSIS

Ok
']. - KS I
S-SHAPED
) YVOLTAMMOGRAMS

log(y)

Figure 4. Kinetic zone diagram with simulated CV waveforms for the catalytic

mechanism described by Eq. 6a and Eq. 6b. Figure adapted with permission from 4°.
Copyright 1984 Elsevier. Simulated CV waveforms were added by Dempsey and co-
workers, from 2, The figure was reproduced with permission, Copyright 2014 American

Chemical Society.
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When the reaction occurs unhampered by mass transport of the reactants into the
reaction-diffusion layer, a scan rate-independent sigmoidal wave is obtained.
Such waves, pertaining to the pure kinetic conditions regime, can be exactly
described by Eq. 9:

i FACZ/Deary 2k q C?
- F
1+exp [ﬁ (E - Egat)]

(Eq. 9)

Where A is the electrode area, Dcat the diffusion coefficient of the catalyst and E
the applied potential; the other variables have been defined above. A plateau
current is attained for potentials more negative than E%at. From the plateau

current value (ip), keat is directly obtainable, Eq. 10:

Ipt = FACcOat\/ Dcat chatcs(‘) (Eq. 10)

Cat%* + e~ = CatRed
( CatR#d + Substrate — Cat% + Products

i/

E-E?

cat

Figure 5. Simulated CV traces for a catalyst in the absence of catalysis (the reversible

couple is observed, blue trace) and for a pure kinetic catalytic regime (red trace).
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To simplify data treatment and avoid independently determining the
electrochemical area of the electrode and Dcat, Eq. 11 can be divided by the
Randles-Sevcik equation, valid for the peak current of the catalyst reversible

couple in the absence of substrate (i%).

= 0.446C%,, FA\Dq\/Fv/RT (Eqg. 11)

Alternatively, the voltammogram can be linearized by plotting i/i,° as a function of
the potential-dependent function, 1 / {1+exp[F / RT(E — E%at)]}. From the slope of

the straight line, the same kinetic information is obtainable.

Savéant and co-workers have derived a key relationship between an intrinsic

property of the catalyst (TOF) and the applied potential E, Eq. 12:

chatcs? _ chatcs9

TOF = = F
1+exp [RT (E - Ecat)] 1+exp [ﬁ (Ebg/P cat n)]

(Eq. 12)

It can be immediately recognized that the TOF-n relation shows the same
functional dependency on the applied potential as the pure kinetic catalytic
voltammogram. Therefore, it is possible to directly extract benchmarking
parameters from the voltammetric response in the case of the scan-rate

independent, S-shaped catalytic waves.

The TOF-n relationship can be formulated to explicitly indicate a Tafel-like

dependency as Eq. 13:

log(TOF) = log(2k.q:C) — (Eq. 13)

—  (E®
RTln(lO)(S/P Eca) = RTln(lO)

Eq. 13 provides the complete description of a catalyst's TOF as a function of the
overpotential, in turn controllable by the operator. It should be remarked that the
formulated expression of TOF is valid regardless from electrode or cell geometry,

indeed allowing to work with easily determined quantities and avoiding estimating
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the number of active catalyst molecules in the reaction-diffusion layer. The two
key parameters that may be found in a catalytic Tafel plot are TOFo and TOFmax.
The former represents the intrinsic catalytic activity of a catalyst, i.e., the TOF at

zero overpotential (Eq. 14):

log(TOFO) = log(chatCSO) - - Egat (Eq 14)

— (E®
RTIn(10) (Esye

TOFmax may be directly obtained by knowing kcat and the specific mechanism
analyzed. For the mechanism sketched in Equations 6a and 6b, it is derived as

per Eq. 15:

TOFyax = chatCSO (Eq. 15)

Therefore, Eq. 12 may be reformulated as:

TOF T0 Fnax
- F (Eq. 16)
1+exp [ﬁ (ESO/P — Egqr — 77)]

Incidentally, Eq. 16 represents a mechanism-independent TOF-n relationship.

24



= log(TOF,,,)

log(TOF)

Figure 6. Example of a catalytic Tafel plot, constructed following Eq. 13.

The function provided has been derived under the assumption that the kinetics of
electron transfer between the electrode and the catalyst are fast. It may be
adapted to account for slower kinetics of electron transfer (Eq. 17), by considering

the value of the electron transfer standard rate constant (ke®!)*".

(F/RT)n (Eq. 17)
1 _ expl—(F/RT)n] 2VZDear &XP [_ 2 ]
TOF TOF, kgt
s exp[—(F/RT)(Eg)p — ESat)|
TOF,

Additionally, as mentioned in the case of zone diagrams, extension of this treatise
to multi-electron, multi-substrate transformations is more demanding.*? It has
however been proven by Costentin and Savéant that it is possible to extend the
approach also to catalytic reactions of the latter kind.43 For a catalytic process

consisting of a combination of two electrochemical events and two homogeneous
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chemical steps (each characterized by a kinetic constant k) with more than one

substrate, a general representation of the valid expression of TOF is Eq. 18:

f(kll k2) CJO)

TOF = 7
1+ exp[1—exp [W (E - Egat)]

(Eq. 18)

This treatment is pertaining to common schemes of molecular catalysis of CO2 or

proton reduction, involving multiple intermediates.

The so-called catalytic Tafel plots represent the most powerful instrument to
describe and benchmark molecular electrocatalysts. The key parameters
obtainable from a catalytic Tafel plot are TOFo, the TOF value at zero
overpotential, and TOFmax, the maximum TOF achievable by a catalytic system
deprived of side-effects. In the scope of catalyst optimization, catalytic Tafel plots
clearly demonstrate how to envision competitive new catalysts displaying high

TOF values at low overpotentials.

1.4.2 Cyclic voltammograms hampered by side-phenomena —

Foot of the wave analysis

Experimental voltammograms associated to catalytic processes often display
peak-shaped waves, instead of the ideal S-shaped ones. These can be ascribed

to the influence of side-phenomena, such as:33

i) Consumption of the substrate at the interphase with the electrode, needing
replenishing via substrate diffusion.

ii) Inhibition by the products of the reaction, such as gas bubbles shielding
the electrode surface from the electrolytic solution.

iii) Catalyst decomposition to inert species, or catalyst poisoning by the

products (e.g., irreversible binding of CO to metal complexes).
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Figure 7. Simulated CV traces for a catalytic EC' mechanism as a function of

decreasing substrate concentration (top), of increasing catalyst decomposition rate

constant (bottom left), and of increasing rate constant for inhibition by product.

Of these, only substrate consumption was originally considered in Savéant’s

treatise, (corresponding to the K zone in the diagram)*°, formulated for a one-

electron, one-chemical step mechanism not including catalyst decomposition or

electrode fouling. These other effects have been formally treated in later works.

4445 For the three possible causes, the observation of a peak-shaped catalytic

wave can be physically interpreted as the system not being able to sustain the

expected catalytic current as the entity of the side phenomena increases with

catalysis at higher n values.
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The most immediate strategy to analyze K-type voltammograms is acting on the
kinetic parameter, and therefore on the scan rate. By raising v, catalytic turnover
and all the associated chemical processes are contrasted by the fast timescale of
the voltammetric experiment. When the extent to which the catalytic process
modifies the composition of the reaction-diffusion layer is decreased, also the
influence of side-phenomena is less severe. As a result, by considering substrate
consumption, raising the scan rate could in principle result in a transition from the
K zone to the pure kinetic conditions, as evident in Figure 8. In fact, the Faradaic
charge passing through the system per unit time is lower when the scan rate of
the CV is brought to higher values. Such statement may be more easily visualized
by considering the CV traces in which the current is normalized by the scan rate:
catalytic waves registered at higher scan rates display lower normalized current
(Figure 8). Similar considerations are valid for inhibition by the products or catalyst
self-deactivation. However, experimental systems do not often reach a proper S-
shaped wave, but rather approach a scan rate-independent response not
displaying a definite plateau. As an example, Figure 8 reports the CV traces
relative to Fe tetraphenylporphyrin Fe(TPP), a state-of-the-art molecular catalyst

for CO2-to-CO reduction in DMF (vide infra), at increasing scan rate values.
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Figure 8. Top right: simulated CV traces for an EC' catalytic mechanism in the
presence of substrate consumption, as a function of increasing scan rate. Top left:
simulated CV traces for the same system, reported against the normalized current.

Bottom: experimental CV traces relative to 1 mM Fe(TPP) in DMF, in the presence of

0.1 M phenol and 0.1 M tetrabutylammonium hexafluorophosphate.

It is also possible to act on the excess factor. Indeed, by decreasing vy, it would be
possible in principle to transition from the K zone to the KT2 regime, labeled as
“total catalysis conditions”. Voltammograms of the KT2 family arise when fast
catalysis completely exhausts the substrate in the reaction-diffusion layer and are
the only other immediately treatable curves.*® The waveforms display a peak-
shaped irreversible feature, corresponding to a catalytic wave rapidly decaying as

the substrate is completely depleted, followed by the reversible couple of the
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catalyst. The irreversible peak potential can be expressed through an explicit

function, described by Eq. 19:

RT _RT [M] (Eq. 19)

EY,. = Effy — 0.409—+——=In oy

= no catalysis
total catalysis

[Substrate]

E-E°

cat

E-E°

cat
Figure 9. Left: simulated CV traces for an EC' mechanism as a function of substrate
concentration to highlight the transition from the KT2 to the K regime. Right: simulated
CV traces for the same EC' mechanism, in the absence of catalysis (black trace) and

for the total catalysis (KT2) regime.

Therefore, kcat may be directly obtained from the position of the catalytic peak.
However, cases whereupon a transition to the total catalysis waveform is

achievable are not common.

A method often employed in the literature to analyze K-type waves consists in
treating the peak-shaped catalytic wave as a pure kinetic trace, approximating its
peak current value (icat®) to the limiting ip observed in the former case (Eq.
20)_11,47,48

RT
B s /_F 2kearCs (Eq. 20)
.0 — “-
ip Fv
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This rather drastic assumption has been demonstrated to result in an

underestimation of kcat and TOF values.!’

A more sophisticated approach involves recording catalytic voltammograms upon
systematically varying the excess factor y, and subsequently computing families

of working curves to obtain A, exemplified by Eq. 21:46:49

icat

25 = fllog(l, (Eq. 21)
p

Albeit accurate and substantiated by a vast set of experimental data, this strategy
is experimentally and computationally demanding. Furthermore, it has been
restricted to one-electron catalytic reactions, such as alkyl halide activation by Cu'

complexes.46:4°

Nonetheless, as may be appreciated from Figure 7, when deviation from the
expected pure kinetic regime is not too severe, the foot of the peak-shaped
catalytic waves overlaps with the initial trait of the S-shaped pure kinetic CV trace.
Indeed, kinetic information is retained in the catalytic voltammograms and can be
extracted by interrogating the experimental response in the potential range not
strongly affected by side phenomena. This represents the core of the foot-of-the-
wave-analysis (FOWA), presented by Costentin et al. in 2012.33 Attempting the
linearization procedure valid for Eq. 9 results in a function retaining a linear trend
for values of 1/ {1+exp[F / RT(E — E%at)]} close to zero, and deviating from linearity
as the severity of the side phenomena impacts on the voltammogram (Figure 10).
Nonetheless, the slope of the initial linear trait of the current function can be used
to ultimately derive the TOF of the catalytic process, purged of the effect of side-
processes. Furthermore, the FOWA approach was theoretically studied and
validated also for 2-electron transformations such as CO2-to-CO reduction.
FOWA has indeed been recognized as the most versatile and affordable strategy

to obtain kinetic information from peak-shaped catalytic waves.
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Figure 10. Foot-of-the-wave-analysis plot, relative to the simulated CV traces in Figure
7 (bottom left).

Regarding experimental data treatment to perform the FOWA, the best procedure
would involve minimizing the effect of side-phenomena by increasing the scan
rate. Indeed, FOWA allows to safely treat data referred to scan rate-independent,

non-sigmoidal catalytic waves (vide supra).

1.4.3 Cyclic voltammetry of complicated catalytic systems

The last remarks about cyclic voltammetry as a diagnostic tool in catalysis regard
the study of systems characterized by complicated reaction mechanisms. Indeed,
cyclic voltammograms can provide evidence of intermediates accumulating in the
reaction-diffusion layer that are detectable on the return scan, such as inert metal
carbonyls from which CO is slowly released. Other common cases involve an
irreversible reaction of the catalyst with the substrate producing an intermediate
that requires further activation at the electrode to achieve turnover: when some
low valent metal complexes react with CO2, metal-CO2 adducts can form that

must be further reduced to generate CO2 reduction products.
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Further information derivable from CV measurements involves catalysts
undergoing decomposition in operational conditions. Detecting transformations of
a molecular catalyst to either inactive or active heterogeneous species relies on
the occurrence of such phenomena on the timescale of the electrochemical
experiment. Despite qualitative, the evidence can be extremely powerful in
discriminating between a real homogeneous regime and a system in which the
molecular species acts as a precursor of a heterogeneous catalyst on the
electrode surface. Examples of such indicative features are pre-waves found at
overpotentials lower than the catalytic onset, attributable to catalyst adsorption;
curve crossing (i.e., crossing of the forward and return scans in a CV), possibly
due to electrode modification (Figure 11); stripping peaks on the return scan,
associated with desorption of adsorbed material. Indeed, ascertaining the nature
of these observations is crucial in determining the molecular nature of

catalysis.%05
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Intermediate® — Cat + Products . , .
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Figure 11. Left: simulated CV traces of a catalyst in the absence (blue trace) and in the
presence (red trace) of a substrate with which an intermediate requiring further
reduction to trigger catalysis. Right: simulated CV trace of a catalyst undergoing

modification to a catalytically active adsorbed species, producing curve crossing.
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For the analysis of any complex electrochemical system by means of cyclic
voltammetry, the paramount systematic study involves performing experiments by
varying the scan rate and the explored potential range. Additionally, it is possible
to act on the temperature, when thermostated cells are available: formation of
intermediates generally responds to variations in temperature, thus producing
measurable differences in the voltammetric profile. Lastly, key studies involve
“rinse tests”, used to ascertain whether the electrochemical reactions lead to
formation of catalytically active deposits on the working electrode. These studies
consist in examining the electrochemical response of the working electrode in the
absence of the catalyst affer employing it in its presence. However, in many cases
the outcome of “rinse tests” in CV studies is not sufficiently informative if not
integrated by surface analysis of the electrode after catalysis. By definition, this
latter approach is more easily accessed when working in preparative-scale

conditions (vide infra).5052-5%

1.5 Simulation of electrochemical experiments

Software packages for simulating the outcome of electrochemical experiments,
especially cyclic voltammetry, have been used for a long time. Their power
consists in allowing to produce digital traces to be compared to experimental data
or to fit these latter.56-5” The ultimate purpose of simulating cyclic voltammograms
lies in the interpretation of complex electrochemical mechanisms or in aiding
kinetic and thermodynamic data determination (vide supra). While detailed
descriptions of the methodologies for building a simulation software are available
in the literature, commercially available optimized packages are nowadays
employed. The use of simulations, however, is not to be intended as a substitute
for careful and exhaustive experimental work. Faithful matching of simulated to
experimental data must be pursued especially when basic parameters, i.e., scan
rate, concentrations, etc. are varied over a wide range of accessible values. For

these reasons, simulation must be undertaken with great care and not relied upon
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a priori. Throughout the present manuscript, the use of simulations has been

restricted and has mainly been applied for illustrative purposes.

1.6 Constant potential electrolysis (CPE)

Preparative scale electrocatalytic reactions are conducted in chronoamperometric
conditions, i.e., by applying a constant potential at the working electrode to
produce the active form of the catalyst. Experiments are run under forced
convection regime, by either rotating the working electrode or stirring the
electrolytic solution. The outcome of the electrocatalytic reactions can be
determined by detecting the amount of products generated during electrolysis.
Detection of reaction products is performed by chromatography (in the liquid and
gas phase), NMR, and/or dedicated probes such as Clark sensors for H2 or Oz,
or optical probes for O2 evolution. Depending on the methods chosen, reaction
products can be detected by on-line monitoring or by ex situ sampling of the
electrolytic cell. Incidentally, to increase the electrolysis current, thus achieving a
faster passage of charge, higher surface area working electrodes are usually

employed than in CV experiments.

Additionally, precious information may be obtained from the current-time profile
(i.e., the hydrodynamic chronoamperogram). When the catalytic system is stable,
thus operating in constant TOF regime, a constant electrolysis current is
expected. From this, kcat (and therefore TOF) derivation is straightforward,

determined at the electrolysis potential Eeiectrolysis by means of Eq. 22:32:58

FA V chatC.SQCC(')at

F
1+ exp [ﬁ (Eelectrolysis - Egat)]

i =

(Eq. 22)

A log(TOF) value obtained via Eq. 22 at a specific electrolysis potential should
correspond to a single point on the catalytic Tafel plot curve. It is useful to
compare this value to the one deriving from quantification of the reaction products

(Eqg. 2). For an ideal catalytic system (i.e., not undergoing any deactivation), the
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three TOF values obtained, namely from kinetic analysis of CV traces, from
analysis of the current trace of electrolysis, and from the amount of products

obtained from such bulk reaction, should be equal.

Given the extent of the reaction in bulk electrolysis, the current trace can easily
undergo perturbation by side-phenomena. Indeed, electrode surface
modifications or catalyst irreversible transformations can impact on the current
trace and be detected. Specifically, catalyst deactivation may be recognized from
a current decrease over electrolysis time. Catalyst transformation to an active
deposit can instead result in an induction period followed by an increase in the
electrolysis current, corresponding to the intervention of a more active catalytic
species generated in situ. Interpretation of the current profiles should also be
supported by “rinse tests”, by analyzing the electrode with surface techniques,
and by mapping the chemical selectivity as a function of electrolysis time to

provide a more complete description of the catalytic system.>%0
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Figure 12. Left: simulated chronoamperograms of a catalyst involved in an EC' catalytic
mechanism in the absence (red trace) and in the presence (blue trace) of catalyst
deactivation processes. Right: simulated chronoamperometry of a catalyst undergoing

modification to a catalytically active adsorbed species.
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1.7 Spectroelectrochemistry (SEC)

Spectroelectrochemical methods involve the combination of spectroscopic and
electrochemical techniques.'’%'-%® Their nature allows to generate a reactive
species at an electrode and contextually monitor the evolution of the spectral
features of the electrolytic solution during the electrochemical transformations.
The analysis may be performed ex situ, by operating a redox transformation in a
coulometric cell and then transferring the analyte solution to an appropriate
spectroscopic cell. Alternatively, SEC may be conducted in situ, in specialized
cells that allow to drive the electrochemical reactions at the surface of a
transparent electrode, constituted by a metal gauze (or mesh) or a transparent
conductive oxide slide. Other sophisticated SEC cells allow to employ optical
analysis in reflectance mode, thus avoiding the need for a transparent electrode.
In all cases, the cell volume is minute, thus enabling complete electrolysis of the
analyte contained in the thin layer in a short time (minute time scale). Usually, the
spectral ranges explored are the UV-visible (UV/Vis) and the infrared (IR),
although X-ray absorption (XAS) and electron paramagnetic resonance (EPR)
may be employed. IR-SEC is particularly relevant in the field of CO2 reduction
catalysis, given the possibility to detect key intermediates such as metal-CO2 and
metal carbonyl intermediates (vide infra). It should be remarked, however, that
the instrumental requirements of a SEC experiment may substantially differ from
the conditions used in bulk electrolysis, mainly due to the choice of the transparent
working electrode material. A common case involves the use of platinum gauzes,
where H2 evolution can interfere with the analysis in case of reductive conditions
in the presence of proton donors. Therefore, if no true operando measurement is
possible, the competence of intermediates identified by SEC should always be

ascertained by independent experimental and/or computational analyses.
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1.8 CO: reduction by iron complexes

In the field of homogeneous molecular catalysis for CO2 reduction, research has
been intensively focused on redox-active coordination complexes of transition
metals. Seminal works have been directed towards the use of second and third
row transition metals, while recently considerable efforts have been devoted to
first row ftransition metals®®70 with manganese'’'-76, iron’’-79, cobaltt%80,
nickel®'-84  and copper®8 being the preferred choice in the design and
optimization of catalysts. Furthermore, previously unexplored chromium
complexes have been recently reported as catalysts for CO2 reduction, thus

enriching the literature scenario.

A paramount role in the development of molecular catalysts for CO2 reduction has
been covered by iron complexes. Iron is the most abundant transition metal on
Earth and its coordination chemistry is vast and may be bent to match several
catalyst design requirements. Furthermore, the redox chemistry of iron in its
coordination compounds is rich and allows for accessing several formal oxidation

states and their peculiar reactivity.

Nature itself has developed iron-based enzymatic active sites which can evolve
carbon monoxide from CO2. The most notorious example is CO dehydrogenase
(CODH) enzymes, found in Carboxydothermus hydrogenoformans and Moorella
Thermoacetica microorganisms, whose catalytic activity relies on the presence of
a polynuclear metallic cluster in which a [NiFe] CO2 binding and activation site is

coupled with an iron-sulfur cluster.87-20

The enzyme was studied in electrochemical CO2-to-CO reduction in aqueous
phosphate buffer (pH 6.3), with methyl viologen acting as redox mediator.
Incidentally, the use of single electron transfer redox mediators is often required
when transferring redox enzymes to electrochemical systems, due to the slow
interfacial electron transfer kinetics between the working electrode and redox-
active proteins. Albeit the elaborate nature of the electrocatalytic system, CODH
could be driven to catalyze CO:2 reduction to CO with quantitative Faradaic

efficiency at almost null overpotential, reaching TOF of 700 h~'. Later reports
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demonstrated the possibility of using carbon electrodes modified with CODH in
mediator-free conditions for reversible CO2 reduction and CO oxidation, albeit
without a dedicated focus on preparative electrocatalysis. Finally, White et al.
reported the use of CODH for photocatalytic CO2-to-CO reduction in the presence

of CdSe/CdS nanorods photosensitizers and an organic redox mediator.
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Figure 13. Catalytic cycle of the active site of CODH, involved in reversible conversion
of CO and CO. Figure reproduced with permission from . Copyright 2003 American

Chemical Society.

Most of the Fe-based catalysts for CO2 reduction are mononuclear complexes,
with iron porphyrins standing as the current benchmark of reactivity (Figure 14).
This family of catalysts is highly selective for CO2-to-CO reduction, with Faradaic
efficiency generally close to unity and reaching TOFmax values up to 108 s~ at
overpotentials as low as 220 mV (vide infra)®'. Incidentally, albeit less active and

stable, heme-type Fe complexes based on the corrole coordination motif (a close
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relative of the porphyrin ring) have also been studied as catalysts for the electro-

and photocatalytic reduction of CO2 to CO.%2

During the last decade, several examples of non-heme iron complexes as
competent catalysts for the electrochemical reduction of CO2 have flourished,
considerably enriching the literature scenario. The main products of Fe-catalyzed
CO2 reduction are the result of a 2-electron transformation, CO and HCOOH.
Incidentally, higher reduction products are most often unattainable in
electrochemical conditions, due to intrinsic constraints related to the experimental

conditions, while it has been notably achieved in photocatalytic systems.

A notable family of Fe catalysts feature polydentate nitrogen based ligands, such

as the Ns—macrocyclic 2,13—dimethyl-3,6,9,12,18—pentaazabicyclo—

[12.3.1]octadeca—1(18),2,12,14,16—pentaene®, the 2,2"6'2".6",2"-
quaterpyridine  (qpy)*®%%, the Ne ligand 2-4:6-8-bis(3,3,4,4-
tetramethyldihydropyrrolo)-10-15-(2,2'-biquinazolino)- [15]-1,3,5,8,10,14-

hexaene1,3,7,9,11,14-Ne  (Mabiq)®, and 6-(1,1-bis(pyridin-2-yl)ethyl)-2,2'-
bipyridine (bpyPY2Me)%. Secondly, examples that exploit 2—hydroxybenzene
pendants on 1,10—phenantroline or of 2,2—bipyridine scaffolds thus producing a
N202  coordination  motif,  2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline
(Hz2dophen)'®  and  6,6-di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2-bipyridine
(*tudhbpy)'°', have been reported to catalyze the reduction of CO2 to a mixture of
products, formate being the main one. Finally, Berben and co-workers published
works related to iron polynuclear clusters able to reduce carbon dioxide to formic

acid with high Faradaic efficiency.102-104
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1.8.1 CO2 reduction by Fe porphyrins

To provide a competent discussion of the role of the catalyst in CO2 reduction, a
description of the most relevant aspects of the catalytic cycles in which the
complexes are involved is in order. Among mononuclear iron complexes, Fe
porphyrins have been the most investigated class of catalysts for CO:2
reduction. 1391105111 gy ch catalysts display high reactivity and selectivity toward
CO and represent the forerunner category from both the application and the
mechanistic knowledge standpoints. The reaction mechanism of this category
shares several features with other iron mononuclear catalysts. Indeed, a key
requirement of any catalyst is the ability of binding and activating CO: at the level
of a formally low-valent metal center (usually Fe' or FeP). In the case of Fe
porphyrins, four stable redox states are accessible: Fe!', Fe!', Fe!, and Fe°, the

latter being the active species for the catalytic process.

Subsequent reactions of the CO2 coordinated iron complex eventually lead to the
release of the product. In most of the cases, the reactivity of such intermediates
is directed either toward the formation of an Fe—CO adduct, upon breaking of a
C-0 bond assisted by protons, or toward the formation of a formate-type adduct,
upon protonation at the carbon site. These two routes ultimately lead to the
production of CO and formic acid, respectively. The selectivity of the process
depends on the nature of the n'-C Fe-CO2 intermediates, as can be understood
by examining the issue from an organometallic standpoint. In such adducts, the
Fe—carbon bond is characterized by a significant electron density donation from

the d orbitals of the metal center to the 1* orbitals of CO2.112

42



HCOOH .
O:.. .20  protonation of C .
SO rommass -
c ( - )
breaking o%‘ co Fe. dz2 co,, e

Figure 15. Left: representation of an n'-C Fe—CO, adduct, and its evolution toward the

production of formic acid (through protonation of carbon) or to carbon monoxide (upon

cleavage of a C-0O bond). Right: General scheme representing electron donation from
dz? of Fe to * of CO..

An illustrative example of reactivity of such intermediates is given by the reaction
between CO:2 and the Fe? active form of the iron porphyrin catalyst resulting in an
adduct typically represented as Fe!COz2", although the actual electron distribution
is more properly depicted through the contribution of resonance formulas
Fe'CO2%~ and Fe®CO2.""3 Spectroscopic investigation of iron tetraphenylporphyrin
(FeTPP) intermediates with CO2 was carried out by Mondal et al. under cryogenic
conditions, upon a chemical reduction of the Fe-TPP catalyst.'* The authors
isolated the Fe!CO2~ adduct, which was then readily protonated by weakly protic
solvents to form a long-lived Fe!COOH species. In agreement with previous
observations, this protonation step is believed not to be rate-determining: indeed,
upon increasing the proton donor strength (i.e., using phenol), the Fe'CO2™-
complex was not detectable, since the Fe? intermediate is directly converted to a
FeCOOH intermediate. Both Fe!CO2~ and Fe!/COOH intermediates were
identified by resonance Raman spectroscopy. The Fe'CO2~ adduct displayed a
signal in the low-frequency region at 590 cm~', attributed to stretching of the Fe—C
bond, that shifted to 521 cm~! in Fe!'COOH upon protonation. The Fe!/COOH
intermediate also displayed a FT-IR signal at 1573 cm™, attributed to the C-O
stretching of the COOH moiety. This represents a rare finding in terms of
intermediate detection in the field of iron-catalyzed CO2 reduction, since most
commonly identified species are indeed inactive iron carbonyl complexes (vide

infra). Furthermore, a recent infrared spectroelectrochemical investigation was
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performed on a Fe porphyrin complex decorated at the meso positions with urea
functionalities (described more in detail in Section 1.9). Indeed, a single signal at

1635 cm~" was identified and attributed to a formal Fe!CO2 complex.'"®

The second protonation event involves Fe!COOH and leads to the cleavage of the
C-0 bond, with loss of one water molecule and formation of an iron carbonyl
Fe''CO. The Fe''CO adduct formation is suggested by the appearance of new
anodic peaks in the CV of CO2-saturated solutions of Fe-porphyrin catalysts (as
an example, the Fe!CO — Fe!'CO re-oxidation peak may be appreciated in the
return scan for Fe(TPP) in Figure 8). The Fe''CO complex is generated upon re-
oxidation at —-1.6 V vs SCE of a COgz-saturated solution of Fe-TPP in
dimethylformamide (DMF) after electrolysis at a potential value at which COz2 is
catalytically reduced (1.8 V vs SCE). Furthermore, spectroelectrochemistry
(SEC) in the UV/visible range has provided evidence of such a Fe''CO
intermediate, displaying a Soret band at 420 nm.""" At this stage, a further one-
electron reduction of Fe'!' to Fe' is needed in order to release CO from the iron
coordination sphere; this is justified on the basis of the lower affinity to CO of Fe'
with respect to Fe''. Incidentally, this last stage of the catalytic cycle is reminiscent
of the well-known high affinity of heme complexes for CO.""6.117 |t is therefore
possible to draw a parallel, based on the properties of the iron(ll) porphyrin
carbonyl complex, between these catalytic systems and the biochemical routes of
blood poisoning involving carbon monoxide coordination to oxygen-binding heme

proteins.

As a final remark, it is worth highlighting the crucial, twofold role of Brgnsted acids
in the Fe-porphyrin cycle: they are proton donors, i.e., co-substrates in the
reaction, and co-catalysts."'®119 Indeed, as well as Lewis acids,'?%-123 they
participate in a push-pull scheme in which the iron complex injects electron
density into CO2 by back-donation, while the co-catalyst interacts with the
substrate through its oxygen atoms by electrostatics and/or hydrogen bonding.
This provides a stabilizing effect on the Fe—CO2 adduct and weakens the C-0O

bond after the first protonation step. Outstanding catalytic performance could be
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achieved by installing such co-catalytic units into iron’s second coordination

sphere. This strategy allows simultaneous activation of the CO:2 substrate,

stabilization of key intermediates, and selectivity enhancement toward CO (vide

infra).
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Figure 16. Catalytic cycle of the electrochemical reduction of CO; to CO catalyzed by

iron porphyrins.
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1.8.2 CO2 Reduction by Iron Porphyrins to Methane

As discussed above, the release of CO from iron porphyrins involves a one-
electron reduction of the Fe''CO adduct, regenerating the Fe' resting state. Under
electrocatalytic conditions, CO release is fast since it occurs in the
reaction—diffusion layer at the electrode, whose potential during electrolysis
favors the Fe® and Fe' oxidation states. The fast release of CO by iron porphyrins
has been known to drive the reduction of COz2 to this 2e7/2H* CO route for this
class of catalysts. Conversely, when CO2 reduction is conducted with
photocatalytic systems (described in further detail in Paragraph 1.10), the Fe''CO
adduct may accumulate to a non-negligible extent, since its further reduction
requires a bimolecular reaction with a molecular reductant in low steady-state
concentration.’?* Therefore, subsequent reactions that involve participation of CO
in the coordination sphere of the iron catalyst may occur. Indeed, two recent
literature examples report that, under optimized photocatalytic conditions, the
complete 8e7/8H* reduction of CO2 to CH4 can be achieved with a remarkable
selectivity of 14-15%, employing an iron catalyst bearing a quaternary
ammonium-functionalized porphyrin ligand, Fe(PN\Me3TPP), Figure 17. In the first
report, tris[2-phenylpyridinato-C2,N]iridium(lll), Ir(ppy)s, was used as
photosensitizer'?*, while in a more recent work this role was played by a
phenoxazine chromophore'?®. These peculiar and novel examples highlight how
tuning of the system allows new catalytic routes to be exploited by overcoming

extrinsic mechanistic barriers.
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permission. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature.

1.8.3 CO2 Reduction by Iron Porphyrins to Formate

Recently, Margarit et al. achieved switching the selectivity of Fe-TPP from CO
toward formate (up to 68% FE with phenol proton donor) by employing tertiary
amine coadditives.'?® These Lewis bases (LB) act as monodentate ligands to iron
in the trans position with respect to CO2. This peculiarity is justified by an
enhanced Fe—CO:2 electron density transfer upon coordination of the amine,
inducing an increase of the basicity of the carbon atom of coordinated COz2, and
thus favouring the formic acid route (Figure 18). The back-bonding ability of the
iron center in heme systems is indeed promoted by basic frans ancillary ligands;
in this case a reactivity trend is observed in the series quinuclidine >

trimethylamine > diisopropylethylamine. The reported CO-to-HCOOH change of
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selectivity is remarkable, since in this case no iron hydride intermediate is involved
toward the formation of formate, and thus the competitive evolution of hydrogen
is negligible. It is worth highlighting that tertiary amines are often employed in
photocatalytic cycles for the reduction of COz; the evaluation of their effect on the
selectivity of the process in these systems should be thus considered.
Interestingly, this strategy could be implemented by Dey and co-workers by
installing tertiary base groups in the scaffold of a porphyrinoid Fe catalyst that
could attain HCOOH catalytic production with 97% Faradaic efficiency with H20

as the proton source (Figure 18).1%7
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Figure 18. Top: catalytic cycle for iron porphyrins leading to CO or to formic acid in the
presence of Lewis bases (LB). Bottom: structure of the tertiary amine-functionalized Fe

porphyrinoid catalyst.

48



1.8.4 Non-heme Iron Mononuclear Complexes

Non-heme mononuclear iron complexes have been developed as another class
of catalysts for CO2 reduction, with mechanistic details and principles being
common to both categories. However, differently from the previously discussed
iron porphyrins, these systems share the common feature of operating through a
formal Fe' intermediate. Three of these catalysts deal with iron complexes with
N202 tetradentate ligands: 2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline
(Hzdophen), 6,6" -di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2" -bipyridine
(tudhbpy); the 2,2" :6’ ,2” :6” ,2”-quaterpyridine (gpy) and 2,13-dimethyl-
3,6,9,12,18-pentaazabicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaecne  (N5)
provide instead nitrogen-based planar tetradentate and pentadentate motifs,
respectively. Fe(dophen) catalyzes the reduction of CO2 through an Fe'
intermediate, generated in DMF or dimethyl sulfoxide at E = -2.0 V vs Fc*/Fc, in
the presence of proton donors. The nature of these latter has an impact on the
selectivity of the process, where the main product is formate (FE up to 70%), while
CO, C204%7, and H2 were also observed. This observation was reasoned on the
basis of two competitive pathways, one involving a postulated Fe-hydride
intermediate, and the second one involving an n'-C Fe—-CO2 adduct. The former
is responsible for formate and H2 evolution (see also previous paragraph; in this
case SEC-IR suggested the involvement of an iron-formato species, Fe-OC(O)H,
1328 cm™); the Fe—CO2 adduct is involved in CO and oxalate formation. SEC-IR
revealed also the accumulation of an iron carbonyl species (Fe—CO, 1934 and
1881 cm™") before evolution of CO (2140 cm™"). A similar scenario involving two
competitive pathways was hypothesized for Fe(*“dhbpy), which shows a higher
selectivity for formate (up to 68% FY at —2.5 V vs Fc*/Fc with phenol proton donor,
with ca. 1% FE for CO). Also in this case the active Fe-hydride intermediate was
postulated to form upon reduction of the Fe complex in the presence of phenol;
conversely, an Fe—COz intermediate was identified by a feature at 1804 cm™ in
the SEC-IR, and was observed to convert into an iron-carbonyl species

(1847-1941 cm™). These, however, release CO very slowly, and therefore
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undergo competitive catalyst degradation. Formic acid is the main product
observed also in the case of Fe(N5), a reaction which, however, does not involve
the formation of an iron hydride. In this case, the reactivity occurs at the Fe' state
upon reaction with COz2, forming an Fe''-COz2 adduct; the authors ascribed the
favored selectivity for formate to fast isomerization of the COz2 ligand into the
formate-type adduct, with respect to a slow C-O bond cleavage that would lead
to the formation of CO. Carbon monoxide was instead observed as the main
product in the case of the analogous Co complex, under both electrochemical and
photochemical conditions. Interestingly, this is one of few cases in which iron and
cobalt centers bearing the same organic ligand both display CO2 reduction
catalysis. This Fe/Co similarity was observed also in the case of porphyrin
derivatives, and of qpy complexes. Fe(qpy) is active for catalytic CO production
in the presence of phenol as the proton donor with a high initial selectivity (>99%),
and involving Fe'! intermediates. In particular, Fe(qpy) operates at a potential of E
=-1.58 Vvs Fc*/Fc (FY up to 48%). The TON, however, is limited to 8 for Fe(qpy).
This limitation is again ascribable to competitive degradation pathways that lead
to electrodeposition of iron nanoparticles at the working electrode. In the case of
Fe(qpy), the critical step is a further reduction of an Fe'CO intermediate, active in
the catalytic cycle, to a non-productive Fe®CO (identified by a peak at 1854 cm™*
in IR-SEC), with this latter being the one that undergoes demetallation and thus
inducing electrodeposition of metallic iron. Interestingly, the durability of the
Fe(gpy) catalyst is enhanced in photocatalytic cycles for reduction of CO2, where

the rate of the deleterious Fe!/CO — Fe®CO reduction is lowered since it is

controlled by diffusion processes; Fe(qpy) thus reaches TON = 1880 with 97%
catalytic selectivity with Ru(bpy)s?* as sensitizer and triethanolamine as sacrificial

electron donor.

Recently, complexes of the polypyridine ligand 6-(1,1-bis(pyridin-2-yl)ethyl)-2,2'-
bipyridine (bpyPY2Me) have been evaluated as catalysts for the CO2-to-CO
reduction. Variation of the ligand structure allowed the introduction of pendant
moieties in the bipyridyl scaffold that produced a family of closely related ligands

(bpyRPY2Me). Their complexes have indeed proven effective catalysts in CH3CN
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in the presence of 11 M H20, acting through a proposed Fe'(bpyRPY2Me™)
intermediate in which explicit redox activity of the ligand is invoked. Binding and
activation of CO2 was hypothesized to be followed by protonation to generate a
postulated iron carbonyl intermediate from which CO release occurs.
Interestingly, the best performance was obtained with the ligand bearing an
ethylamine pendant acting as hydrogen bond donor and proton relay unit,
Fe(bpyN"EtPY2Me), reaching 81% Faradaic efficiency for CO evolution at —1.91 V
vs Fc*/Fc and notably higher stability with regards to its simpler analogue
Fe(bpyPY2Me). Despite the absence of direct experimental evidence to support
the role of the NHEt pendant, it is interesting to comment that the other candidate
for such features, bearing a phenolic group, promotes H2 evolution while failing in
CO2 reduction. This was attributed to the higher (circa 10'") acidity of the phenolic
group with respect to the NHEt moiety, causing a dramatic shift in selectivity due

to preferred formation of Fe hydrides in the former case.

Redox activity of the ligand has also proven valuable in a recent system based on
the  2-4:6-8-bis(3,3,4,4-tetramethyldihydropyrrolo)-10-15-(2,2'-biquinazolino)-
[15]-1,3,5,8,10,14-hexaene1,3,7,9,11,14-Ns (Mabiq) scaffold. Fe(Mabiq) acts as
a competent catalyst in CH3CN upon 2-electron reduction to produce its active
form. Remarkably, electrolysis experiments conducted under CO2 atmosphere at
—1.85V vs Fc*/Fc produced CO with 96% Faradaic efficiency and TON =10. The
active form of Fe(Mabiq) was chemically synthesized, thus allowing for ex situ
characterization and reactivity probing. This approach allowed the authors to
determine that the reduction events involve two distinct sites of the ligand scaffold

producing a biradical macrocycle.
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1.9 Role of the ligand on the catalytic activity

1.9.1 Inner coordination sphere

The mechanistic considerations provided highlight the paramount role of the
electronic environment of the iron catalysts on the outcome of the catalytic
reaction. The first coordination sphere of a metal ion strongly impacts on its redox
chemistry, i.e. on the reduction potentials associated to its relevant oxidation
states. Indeed, orbital interaction between the metal center and the donor atoms
is first contributor to the electronic structure of the active site of a catalyst.
Therefore, fundamental principles of coordination chemistry are to be called upon
when designing ex novo a family of ligands for a catalytic application. In particular,
o and 1 donor/acceptor properties and Hard-Soft Acid Base (HSAB) theory are
most useful guidelines when dealing with commonly encountered donors (N, O,
S, P), that are to be substantiated by thorough investigation via electrochemical,
spectroscopic, and computational studies. The foremost role of the donor atoms
of a specific ligand is determining the stability of the complex in the several redox
states that should be encompassed in catalytic reactions. The affinity of the metal
center in its oxidation states for the donor sites justifies their relative stability and
the propensity for transitioning from one to the other: for instance, ligands bearing
softer donor sites will facilitate reduction from Fe'' to Fe', resulting in less negative
EC values than analogous complexes with harder donors. A relevant example can
be gathered by comparing the E1/2 values for the quasi-reversible Fe''/Fe' redox
couples of tripodal ligands complexes: when a pyridine N site in N,N,N-fris(2-
pyridylmethy)lamine (TPMA) is replaced by a phenoxide (N-(2-hydroxybenzyl)-
N,N-bis(2-pyridylmethyl)amine, P"OBPMA)'27-130 (Figure 19), a staggering shift of
E12 in CH3CN is observed, from —0.185 V vs Fc*/Fc to —0.55 V vs Fc*/Fc. Given
no major influence by changes in the spin states of the complexes is at place, the
observation is directly attributable to the influence of the ligand set on the
conditional formation constants for complexes with the metal in the various

oxidation states. In fact, Chatt et al. and Lever formulated parametrization criteria
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to predict E° values for complexes upon addition of contributions by individual

ligands, i.e. an electrochemical series.
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Figure 19. Chemical structures of [Fe(TPMA)CI;] (left) and [Fe(P"°BPMA)CI.].

Secondly, the nature of the donor sites can impact on the stability/reactivity of
intermediates in catalytic cycles. Focusing on CO:2 electroreduction, stronger ¢
and 1 donors enhance 1 back-bonding towards m-accepting fragments. This
results in weakened and more prone to cleavage C-O bonds in Fe—CO:2
intermediates, and in more stable Fe—CO adducts obtained in the subsequent
steps. Therefore, the appropriate choice of a ligand platform not only impacts on
fundamental properties of coordination compounds, but also determines
mechanistic features contributing to significant performance outcome. In the
literature examples described above, nitrogen donors are most widely exploited,
given their versatility, i.e. their ability to form stable bonds with several transition
metal redox states. Alkoxide or phenoxide groups are rarer, and generally their
higher donor power is diluted in the coordination sphere of a metal ion by

accompanying them with nitrogen sites.
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1.9.2 Structure-activity relationships

Despite a very fine description of the influence of several electronic and structural
factors could be provided based on the literature evidence, practical ligand design
often relies on the choice of an overall appropriate ligand structure. Whenever
synthetic chemistry allowed for exploring subtle variations of such parent ligand
scaffold, precious information about the relationship between the redox properties
of the resulting complexes and their catalytic activity has been obtained. While
these studies are generally applicable to every metal complex acting as catalyst
for any specific redox reaction, the following analysis will be restricted to iron

complexes for the electrochemical reduction of carbon dioxide.

The natural descriptor of the redox properties of a given catalyst is the formal
potential of its active form (E%at). This can be related to the TOFmax values
obtained through the analysis of electrochemical data (vide supra). It has been
thoroughly demonstrated that the TOFmax directly responds to variations of E%cat,
the latter in turn deriving from changes in the structure of ligands by merits of
through-bond interactions.®’ The general principle is that more demanding
requirements for the generation of a catalytically active species will translate into
a higher catalytic activity. This linear free energy relation (Eq. 23) implies that it is
not allowed to decrease the overpotential for a catalytic reaction while increasing

the TOF at the same time, relying only on through-bond electronic effects.

log(TOF,pqy) o RTIN(10) log(keqr) = a + b ES, (Eq. 23)

The chemical significance of Eq. 23 lies in the driving force of the reaction
between the active form of the catalyst and the substrate, in turn related to Eat
and to the E%uw. In several cases, this relationship has been shown to hold
regardless from the considered ligand structures.*¢ However, CO2 reduction being
a challenging reaction with differentiated mechanistic pathways and a variegate
range of accessible products, directing the analysis towards a comparison
between selected families of ligands is more appropriate. The discussion will

therefore focus on Fe porphyrins, as a family of stable catalysts with a known
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reaction mechanism and a wide synthetic space of the ligand scaffold allowing for

systematic exploration of substituent effects.

Second-sphere effects prove to be the best strategy to break away from the linear
free energy relationship described above, by gaining in maximum catalytic activity
while not necessarily paying a price in terms of increase in overpotential. To
overcome these limitations, a biomimetic approach has indeed been adopted:
enzymatic reactions relying on metal ion active sites exploit a finely tuned
secondary peptide environment. This allows for unmatched activity and selectivity
of the biochemical processes carried out in the coordination sphere of the metal,
without necessarily a direct influence on the electronic environment of the latter.
Functional mimics aiming at metal enzyme-like activity therefore have been
constructed by introducing groups in the structure of the ligands. These have the
specific role of interacting with the reactants and/or key intermediates formed in
the steps of the catalytic cycle and bound to the metal center. Groups possessing
these peculiar functional and structural features are therefore indicated as
secondary sphere effectors, where the expression is referred to the action sphere
of the catalyst rather than the coordination sphere of the metal ion. Mainly, these
effectors cover the key roles of proton and/or electron transfer relays. More
synthetically challenging examples involve ligands displaying channel-like
structures that provide a local environment promoting controlled reactant access

to, or product release from the metal site, such as proton channels. '3’

The high stability, an almost quantitative selectivity for CO in the electrochemical
COz2 reduction and the synthetic tunability of the ligand ring offered fertile grounds
for studying such second sphere effects in iron porphyrins. Ground-breaking
studies were reported by Costentin, Robert, Savéant and co-workers. In 2012, a
Fe porphyrin complex with phenolic groups installed in the meso aryl substituents
of the ring was reported as catalyst for the CO2-to-CO reduction in DMF with a
staggering ~102 improvement in TOFo over Fe(TPP).'32 The action of the local

phenol groups is exerted through:
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i) A very high local concentration of functional groups mimicking the external
proton source, i.e. phenol;

i) The ability of the phenol moieties to act as hydrogen bond donors
stabilizing the Fe-CO2 adduct (Figure 20);33

iii) A lowering in the energy barrier required for the further reduction of the Fe-
COOH adduct.

Fe(°HTPP)

Figure 20. Left: chemical structure of Fe(°HTPP). Right: stabilization of the Fe—CO-

adduct by the phenol groups in the meso positions of Fe(°HTPP).

As such, the boosting effect on catalysis is most clearly related to a complex
mechanistic feature relying on supramolecular interactions between the catalyst
and key intermediates. Specifically, catalysis improvement can be connected to
stabilizing effects on high-energy intermediates intervening alongside with their

further activation.

Further development of the catalyst in 2014 led the introduction in the porphyrin
ring of perfluorinated aryl groups along with those bearing the phenolic
functionalities (Figure 21). This was performed with the aim of lowering the
overpotential for the reaction (via through-bond electron withdrawing effects)

while at the same time increasing the catalytic rate over Fe("°TPP).%0
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Fe(F10O"TPP) Fe(F20TPP)

Figure 21. Left: chemical structure of Fe("'®°HTPP) bearing both phenol functionalities
and perfluorinated rings. Right: chemical structure of Fe(F°TPP) bearing four

perfluorinated aryl rings.

Finally, the group’s efforts culminated in 2016, when a water-soluble porphyrin
catalyst was reported. The porphyrin scaffold was herein decorated with
trimethylammonium (NMes*) groups installed in the ortho positions of the meso
rings, Fe(eNMe3TPP) 91 These groups impart an electron withdrawing character to
the ligand, thus shifting E%at towards more positive potentials. Furthermore, the
strong electrostatic stabilization exerted by the NMes™ groups on the high-energy
Fe-CO2 adduct induces a boost in catalysis. The result is an enhancement of the
catalytic rate, with TOF as high as 10° s, at overpotentials as low as 220 mV,
features representing the best performing molecular catalyst for CO2 reduction.
This outstanding result may be visualized in comparison to other entries in the Fe
porphyrin family in terms of a considerable vertical log(kcat) gain with respect to
the linear free energy relationship (log(kcat) — E%at), represented by the blue star

in Figure 22.

By comparison, the authors examined the Fe tetraarylporphyrin substituted in the
para position of the meso rings, Fe(PN\Me3TPP) (Figure 17).'34 This catalyst was
originally studied for its solubility in water and its already remarkable features in
electrocatalytic conditions (log(TOFmax) = 2.5:-10% s7', at n = 539 mV), that led to
its transfer to electrolyzers and to photocatalytic systems. Regardless, it exhibits

a milder displacement from the linear free energy relationship (purple dot in Figure
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22) than Fe(eNMe3TPP). Indeed, through-space electrostatic stabilization is
optimal when the NMes* groups are spatially closer to the catalytic center.
Furthermore, the inductive, electron withdrawing (through-bond) effect of the
NMes* groups is less effective in lowering the formal potential of the Fe'/Fe®

couple than in the ortho substituted analogue.

0.4
(RTIn10/ F)logk.q (s™)
* - 0.35
A
0.3
= 0,25

- 0.2

- 0.15

0.1

Fe(°N\Ve3TPP)

- 0.05

E® (V vs. SHE)

cal

09 -1 -1 -1.2 -1.3 -14 -1.5 -1.6

Figure 22. Left: chemical structure of Fe(®"Me3TPP). Right: Correlation between
log(TOFmax) = keat and E%t , recalling the through-structure substituent effect and

showing the Coulombic interaction effects of positively charged substituents. Colour
code: blue star (), Fe(*"Me3TPP); purple dot (e), Fe("M3TPP); magenta dot (e),

Fe(™°TPP); red dot (e), Fe(F'°*TPP); green dot (e), Fe(F'°TPP); black dot (e), Fe(TPP).

Figure adapted with permission from °'. Copyright 2016 American Chemical Society.
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This principle was profitably applied in further studies, employing superstructured
porphyrins bearing amide substituents reminiscent of the picket-fence motif
previously studied in oxygen activation chemistry.'3%-137 Other notable examples
feature ionic liquid-derived moieties as substituents carried in the vicinity of the
iron center, serving the same electrostatic stabilizing function as the
trimethylammonium groups.'3 Lastly, Nocera and co-workers applied the peculiar
“‘hangman” porphyrin motif to construct Fe-based catalysts with amide or phenol
dangling proton relay groups.’®® The structures and key performance indicators

of such systems are reported in Figure 23.

N CF3 Aukauloo and co-workers
H TOF =6.76-7.08- 103 s
N CF3 Overpotential 430 - 630 mV
=
N gw Aukauloo and co-workers
TOF =2.44-10°s"

Overpotential 418 mV

Ar = Nf©\ NH, Hangman porphyrins
SOH " oH Nocera and co-workers

TOFa= 151.36 295.12 512.86

Figure 23. Chemical structures of superstructured Fe porphyrins imparting through-

space effects to CO»-to-CO electrochemical reduction.

Fine-tuning of second-sphere effects has been further studied using amide
substituents as hydrogen bonding stabilizing groups in the meso site of Fe
tetraarylporphyrins by Chang and co-workers.'3” A group of four structurally
isomeric porphyrins, represented in Figure 24, was evaluated in the CO2-to-CO
electrochemical reduction reaction. The positional effect of the amide residues
relative to the metal center was studied in the presence of a similar electronic

environment for the four catalysts. As a result, a trend relating the position of the
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NH amide groups to a vertical displacement of log( TOFmax) from the linear free-
energy relationship (Eq. 23) was established (Figure 24). The analysis
demonstrated that the effect of the amide group on catalysis via hydrogen bonding
could be directed towards efficient catalysis through optimal positioning. This
report demonstrated quantitatively the impact of precisely installing residues in
the proximity of the metal center, thus highlighting the potential of the biomimetic

design approach.

Dey and co-workers have applied this principle by installing groups suitable for
acting as proton transfer and/or hydrogen bonding relays on the four meso
positions of Fe tetraarylporphyrins.’3® The authors studied the picket-fence
porphyrin and two triazole derivatives, one bearing an ester moiety, comparing
them with Fe(°HTPP) and the Fe-ortho-2-amide porphyrin reported by Chang and
co-workers (vide supra). A linear relationship between the pKa of the hydrogen
bonding/proton transfer relay group with the logarithm of the relative rate (and
therefore log(TOFmax) of the selected catalyst) was established (Figure 24). This
interesting finding reflects the crucial role of managing PCET events in the action

sphere of the catalyst.

The structure-activity relationships herein discussed highlight the importance, in
molecular catalyst design, of considering electronic effects as well as
supramolecular interactions in achieving fine control over the catalytic reaction.
Indeed, the effort required for designing and synthesizing molecules following

these principles is most often repaid with superior functional advantages.
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Figure 24. Top: correlation between log(TOFmax) and E% illustrating the through-space
interactions that promote catalysis in the case of amide-functionalized superstructured
Fe porphyrins. Figure reproduced with permission from '3, Copyright 2018 Royal
Society of Chemistry. Bottom: plot of log(relative rate) with respect to the pK, of the H-
bonding residues. Figure reproduced with permission from '3, Copyright 2019 Royal

Society of Chemistry.
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1.9.3 Redox activity of the ligand and catalyst stability

In typical descriptions of reaction mechanisms involving coordination compounds
as catalysts, the focus in naturally posed on their active site, the metal center. The
accessibility of different redox states, each with peculiar reactivity, is the key
feature that confers metal complexes a paramount role as molecular catalysts in
electrochemical reactions. However, this perspective is oftentimes clouded by
overlooking the function of ligands in such processes. Indeed, the above
discussion elucidated how ligands can be modified to allow for modulation of
redox potentials or to enhance the reactivity of their complexes. Nonetheless,
ligand direct redox activity is not rarely invoked in assisting redox events, as
detailed for the Fe(Mabiq) catalyst. This is particularly relevant when exploring
reactions beyond mildly cathodic potentials: while O2 or NO reductive activation
by iron complexes clearly revolves around their Fe! and Fe'' states and their
chemistry, no such clear-cut distinction can be applied a priori to COz2 reduction
catalysis. Functional catalysts can in fact display voltammetric waves leading to
their active form attributable to mixed ligand- and metal-centered events or even
to pure ligand-based reductions. The attribution of the character of such
transformations per se is a subject of foundational molecular inorganic
electrochemistry and computational chemistry research, while the relevance of

the topic to catalysis is to be examined here.140-142

Low-valent states of metal centers are usually characterized by low stability and
their chemistry is easily impaired by disproportionation or demetallation with
formation of metal nanoparticles. Redox-active (“non-innocent”) ligands can
therefore act as electron reservoirs that mediate between the electrode and the
metal center. The latter can drive reactions of the catalytic cycle relying on
electrons “stored” in the ligand scaffold, with a lower degree of stress on the active
site with respect to systems undergoing purely metal-based reductions. This
crucial advantage is found in polypyridine and Schiff base complexes and metal
porphyrins, where a partially reduced character of the ligand is invoked based

upon experimental evidence or calculations. It is to be remarked nonetheless how
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the reaction site in the complexes remains the metal, regardless from the nature
of the reductions leading to the active form of the catalyst, as supported by
thorough experimental evidence of metal-centered intermediates. An interesting
topic to be investigated would then be the relation between the electronic state of
the complex in its catalytically active form and in its bound state after interaction
with a substrate (CO2 binding to a “Fe®” center in iron porphyrins is a useful
example). In particular, a formal description of the transition between two different
electronic structures upon substrate binding could be extremely beneficial in

understanding more in depth redox catalytic transformations.43-146

It should also be mentioned that it is not infrequent to observe direct chemical
involvement of a redox-active ligand in key chemical steps. In fact, proton-coupled
electron transfer events occurring at the ligand have been proposed and
supported as the formation routes of previously generically labelled “metal
hydrides”. Chemically reversible reduction and protonation of key ligand sites can
in fact assist further reactions of intermediates in the coordination sphere of the
metal. A relevant case involves Ni porphyrins studied as catalysts for the

electrochemical hydrogen evolution reaction.'47-149

Therefore, redox-active ligands can unlock the reactivity of their metal centers in
their low-valent states allowing for a sophisticated multi-electron chemistry while
preventing decomposition. However, ligand redox activity is also often the cause
of chemical decomposition of the catalysts in operational regimes. This is
expectable when the radical character of the ligand in the reduced complex is
pronounced, so to allow for parallel ligand reactivity, e.g., passivation of the
electrode via film formation or dimerization to produce “out of the cycle” species.
Lastly, molecular design principles can be deployed as protective measures
against otherwise unavoidable side-reactions of the ligand. For example, sterically
encumbered groups may prevent radical dimerization thus enhancing catalyst
stability. These aspects have been the focus of a most prolific research line
featuring Manganese bipyridyl carbonyl complexes.” The considerations here

outlined should then set researchers towards a rational case-by-case examination
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of potential candidates as ligands to construct molecular catalysts for

electrochemical reactions.

1.10 Photocatalysis

COz2 catalytic reduction may be approached by using light as a primary source of
energy, in artificial systems mimicking features and mechanisms of naturally
occurring photosynthetic processes. Photocatalytic CO2 reduction is in fact a
major research frontier, steadily brought forward by authors globally. For these
reasons, this Paragraph is intended as a brief overview of the most relevant

aspects of photocatalysis applied to carbon dioxide reduction.

As stated above, photocatalytic systems rely on the use of light as the energy
input for driving the target reaction. In the scope of reductive small molecule

activation, the overall process may be divided into three main steps:

i) light absorption;
ii) catalyst activation by photoinduced electron transfer;

iii) catalytic reaction.

Usually, this general scheme is interpreted in systems comprising three
components: a light harvesting dye (photosensitizer), a catalyst, and a sacrificial

electron donor (SD).

1.10.1 Photosensitizers

Light harvesting and conversion in the form of charge relies on the presence of
molecules able to act as oxidizers or reductants in their excited state. Depending
on the conditions and on the choice of catalyst and electron donor, the excited
dye can act as both an oxidizer towards the electron donor or a reducing agent
towards the catalyst. These routes, represented in Figure 25, are labeled

reductive and oxidative emission quenching, respectively (i.e., the adjectives
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reductive and oxidative refer to the dye). The photocatalytic cycle is then closed
by electron transfer from the reduced dye to the catalyst or from the electron donor

to the oxidized dye.'*®

Since the electron transfer reactions are usually bimolecular events relying on
diffusion of the involved species, a sufficiently long excited state lifetime of the

dye is a beneficial property for a photosensitizer.

CAT'"ed hv  SD®* hv
CAT®*
Reductive Quenching Oxidative Quenching

+

CAT™d  CATOX

Figure 25. Mechanisms of reductive quenching (left) and oxidative quenching (right)
routes in a three-component photocatalytic system constituted by a dye

(photosensitizer), a catalyst (CAT) and a sacrificial electron donor (SD).

The thermodynamic requirements'S! for each step are given by general equation
describing the standard Gibbs free energy for electron transfer from a reductant
R to an oxidant O, Eq. 24:

F
AGY = ﬁ(Eg —EJ) +w, + Wy (Eq. 24)

Where E° is the standard reduction potential for the species R and O, while wr
and wp are work terms associated with bringing the reactants (wr), and the

products (wp) from infinity to reacting distance. These latter are often assumed to
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be mainly electrostatic in nature, and expressed in terms of a general wo (Eq. 25)

to be multiplied by the net sum of the charges of the reactants and products:

e

(Eq. 25)

Wao =
07 4me e d

Where eo is the elemental charge, €o¢s the dielectric constant of the medium, and

d the reacting distance (of the order of a few A).

In the case of a reductive quenching (Figure 25), the thermodynamics for electron

transfer are therefore expressed through Equations 26a and 26b:

F
AGRo(1) = (E° 150 = Edye jayer-) + Wy + W, (Eq. 26a)

AGng (2) = ﬁ (E(gye/dye“ - Egat) +wr +wy, (Eq. 26b)

For an oxidative quenching, they result in Equations 27a and 27b:

F

F

The excited state standard potentials are in turn defined by Equations 28a and
28b:1%2

Egye*/dye" = E((i)ye/dye'_ + AGgs/eo (Eq. 28a)
0 0
Eqyestjayer = Eqye+ jaye — AGEs/€o (Eq. 28b)

The Gibbs free energy stored in the excited state, AGes (in eV), is often
approximated to the energy of the first vibronic transition, Eo-0, experimentally

obtained by the intersection of normalized optical absorption and emission
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spectra of the dye. The standard potentials of the dye, on the other hand, are
approximated to the half-wave potentials (E12), when obtainable from cyclic

voltammograms.

The mechanistic pathway followed by a specific photocatalytic system can be
discerned by comparing the relative rates of electron transfer between the excited
dye and either the electron donor or the catalyst. These latter are experimentally
determined by emission quenching experiments, i.e. by comparing the emission
intensity and the excited state lifetime of the dye in the absence and in the

presence of increasing concentrations of electron donor or catalyst.

This theoretical background is necessary to provide choice criteria for potential
dyes, matching the requirements of the catalytic systems expressed in terms of

standard potential for each involved species.

Commonly used dyes are ruthenium and iridium polypyridyl compounds, the
forerunners  being tris-bipyridyneruthenium(ll), Ru(bpy)s, and tris-[2-
phenylpyridinato-C2,NJiridium(lll), Ir(ppy)s, and related derivatives. While
precious mechanistic insights have been obtained using these highly performing
dyes, their rare metal-based nature is incompatible with sustainable strategies.
Therefore, several organic chromophores have been studied and proposed as
molecular photosensitizers in photocatalytic CO2 reduction schemes, such as
phenoxazine, phenothiazine and phenazine dyes (Figure 26), along with copper

Complexes. 124,151,153-159

A step forward in the search for robust and sustainable photocatalytic systems is
constituted by reports by Robert and co-workers. Indeed, purpurin, a naturally
occurring anthraquinone chromophore (Figure 26), has been used as
photosensitizer coupled to Fe(qpy) and Co(gpy) in DMF. Its application has then
been transferred to aqueous photocatalysis by employing Fe(PNMe3TPP) as the
catalyst.’' In a recent publication by Yuan et al., purpurin was also used to form
a coordination complex with Cu', thus obtaining a novel rare metal-free
photosensitizer. Compared to purpurin, the complex exhibited a stronger reducing
power in its excited state and a wider visible light absorption range."®®
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Figure 26. Chemical structures of dyes relevant to photocatalytic CO; reduction in

three-component systems.

Finally, colloidal photocatalysts have also been recently explored in the field of
metal-catalyzed CO:2 photoreduction, such as quantum dots'®® (CdS, CdSe,
carbon-based), mesoporous graphitic carbon nitride (mpg-C3N4)% and covalent

organic frameworks (COF’s).

While the photophysical properties and mechanism of each photosensitizer would

deserve particular attention, the topic is beyond the scope of the present thesis.
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1.10.2 Sacrificial electron donors

The use of sacrificial reductants, i.e. substrates undergoing kinetically and
thermodynamically facile oxidation, as electron donors is often chosen to focus
solely on the target process. Most used are triethylamine (NEts), triethanolamine
(TEOA), and 1,3-Dimethyl-2-phenylbenzimidazoline (BIH), employed in organic
solvents, while EDTA and ascorbic acid are often encountered in aqueous

photocatalysis (Figure 27).1%0

Oxidation of tertiary amine derivatives occurs through electron abstraction from
the nitrogen lone pair, typically followed by deprotonation (from the carbon site in
alpha to the amine group) by a second amine molecule. The result is a neutral
carbon-centered radical that can also act as reductant. Subsequent reactivity
finally leads to fragmentation of the sacrificial amine, through a potential second
oxidation event. In the case of BIH, no fragmentation occurs as part of its action
mechanism, but rather a sequence of two electron and one proton transfer events
leading to a stable aromatic cation. In both cases, the presence of a base to
deprotonate the strongly acidic singly oxidized form of BIH is crucial to avoid

charge recombination.

It should be noted that the irreversible nature of these oxidation events hampers
a precise determination of the formal potential of the SD**/SD couples via
electrochemical techniques, and that tabulated values also depend on the solvent
nature and on proton concentration. Usually, sacrificial electron donors are
present in a large excess with respect to the other components of the
photocatalytic reaction mixture to ensure a non-rate limiting reservoir of electrons
to feed the catalytic cycle. As a consequence, the reductive quenching pathway,
when allowed thermodynamically, is often dominant and occurs through a

pseudo-first order rate.
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Figure 27. Chemical structures of commonly used sacrificial electron donors used in

photocatalytic CO; reduction.

This reaction scheme allows to employ the same transition metal complexes used
in electrocatalysis in photocatalytic processes, with reaction mechanisms being
almost fully translatable. In fact, benchmarking of molecular catalysts and
evaluation of their reaction mechanism is often fruitfully obtained by
electrochemical methods and directed towards optimized photocatalytic
schemes. However, paramount differences can arise in the reaction outcome.
Indeed, multi-electron reduction processes, when translated from electrochemical
catalysis to a photocatalytic regime, must rely on diffusional, light-induced
electron transfers rather than on the presence of an electrode poised at a constant
potential. Therefore, the steady-state profile of the intermediates differs
chemically and spatially between the two regimes. Reaction intermediates can in
fact accumulate and their reactivity be independently observed (vide supra).'>®
Moreover, decomposition side-reactions related to the presence of a high local
concentration of the active form of the catalyst in close vicinity to the electrode
surface are generally by-passed in photocatalysis, therefore leading to more
stable homogeneous systems.
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1.10.3 Two-component systems

A last remark is due about the rarer two-component systems, exploiting
photoactive compounds able to directly perform catalytic CO2 reduction upon light
absorption. Direct photoexcitation of metal catalysts is often harmful towards their
chemical integrity, partly because of the energies carried by the required
ultraviolet light. Such issue has been encountered in unsensitized CO2 reduction
by iron tetraphenylporphyrin’ and Re'(bpy)(CO)3(X)'®" (where X is an anionic
monodentate ligand) under UV light irradiation. Notable heralds of two-component
systems operating under visible light irradiation are based on a family of iridium
photocatalysts, Ir(ppy)(Rterpy)Cl, where Rterpy are 4'-aryl-substituted 2,2".6',2"-
terpyridine ligands, able to produce CO selectively.'®? In 2022, Yuan et al.
reported a rare example of first raw photoactive compound constituted by a
pentanuclear [Fe2Nas] complex employing purpurin as a ligand (Figure 28).163
Interestingly, purpurin was found to act as a light harvesting unit able to manage

PCET events functional to CO2-to-CO reduction catalysis.

' O OH
Ir(ppy)(Rtpy)Cl ] O‘O OH
0]

Purpurin

Figure 28. Left: chemical structure of Ir(ppy)(Rtpy)CI. Right: chemical structure of
[FezNas](Purpurin)s. Figure adapted with permission from '*°. Copyright 2022 American

Chemical Society.
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This brief description of homogeneous photocatalytic CO2 reduction should have
highlighted their intrinsically variegate nature, originating from the multiple factors
impacting on efficiency and stability. Indeed, failure of any photocatalytic system
can eventually be observed, and the determination of its causes provides useful
optimization criteria. Consumption of reagents or sacrificial electron donors
driving catalysis to a halt is proper of stable systems, while decomposition of the
dye and/or of the catalyst can underline chemical weaknesses of these key

components.

The parameter used to rigorously quantify the overall efficiency is the

photochemical reaction quantum yield @, defined by Eq. 29:164

N.
L (Eq. 29)

o=
th

where Np is the number of molecules of target product and Nx, the number of
photons absorbed by the system. Nn, can be experimentally determined by using

power meters or by chemical actinometry, not discussed herein.

Some reports also provide the quantum efficiency ®e (Eq. 30), a parameter

accounting for the specific photochemical scheme considered:

Ne
P = E(d)) (Eq. 30)

In Eq. 30 ng is the number of electrons provided by each molecule of sacrificial
electron donor and ne the number of electrons required to produce a single
molecule of target product. Incidentally, while the maximum photochemical

quantum yield ®max depends on the mechanism, ®emax is 1 by its definition.

Benchmarking of photocatalytic systems should report the photochemical
quantum yield for the studied reaction. This should always be coupled to the
TONmax obtainable in a specific set of conditions to provide a more complete

description of photocatalytic systems.
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1.11 Chapter 2 and 3 Rationale

The present Chapter has served as a thorough introduction to the field of
electrochemical catalysis for carbon dioxide reduction, with hints about
photocatalysis. In the following chapters, the research contribution dealing with a
novel family of iron complexes as catalysts for the CO2-to-CO reduction is
reported. Despite yet unchallenging performance with respect to the state of the
art constituted by Fe porphyrins, we demonstrate the usability of our iron
complexes as competent catalysts. The detailed mechanistic study provided
paves the way for optimization of a family of catalysts with a wide synthetic space

with large room for optimization.

73



Appendix 1

Appendix 1.1 — Computational simulation of electrochemical

experiments

Electrochemical simulations (chronoamperometries and cyclic voltammetries)
were obtained using the Electrochemical Simulation Package (ESP) written by
Prof. Carlo Nervi (University of Torino). In the simulations, catalyst concentration
was usually 1:103 M. The heterogeneous rate constant (ke) and the electron
transfer coefficient (a) were consistently 0.12 cms~" and 0.5, respectively. A solid

electrode with an area of 1-102 cm? was considered.
Appendix 1.2 — Electrochemical study of iron porphyrin catalyst

The electrochemical study of iron(lll) tetraphenylporphyrin chloride (Fe(TPP)CI)
was performed in the context of the Cylic Voltammetry International School at the
University of Paris Diderot, under the supervision of Prof. Marc Robert, Prof.
Cyrille Costentin, Dr. Cédric Tard, Dr. Frangois Mavré and Dr. Niklas von Wolff.
Given the established scientific knowledge about the catalytic system considered,
experimental data garnered during the School were used in the present Chapter

(see Figure 8).

TPP and Fe(TPP)ClI were synthesized according to the literature
procedures.65.1%6 Experiments were carried out in DMF, in the presence of 0.1 M
tetrabutylammonium hexafluorophosphate (electrochemical grade) as supporting
electrolyte and 1 mM Fe(TPP)CI. Argon and carbon dioxide were withdrawn from
high-purity reservoirs and bubbled through the electrolyte solutions for 15 minutes
prior to measurements. A blanket of either gas was kept above the solutions
during the experiments. Electrochemical experiments were run on a CHI
potentiostat-galvanostat, using custom-made electrochemical cells and custom-
made electrodes. The internal resistance was compensated using the positive
feedback loop of the potentiostat. The working electrode was a glassy carbon
(GC) electrode, the reference electrode a saturated calomel electrode (SCE) and

the counter electrode a platinum wire. In between voltammetric experiments, the
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working electrode was polished with a micrometric alumina paste on a micrometric

cloth pad.

Appendix 1.3 - Synthetic procedure of 5,10,15,20-
Tetraphenylporphin (TPP)

Propionic acid (150 mL) was introduced into a two-necked round bottom flask and
brought to reflux. To the refluxing acid, 3 mL (46 mmol) of freshly distilled pyrrole
and 4 mL (36 mmol) of benzaldehyde were simultaneously introduced by means
of two syringes. The reaction was refluxed in the dark for 30 min, and then left to
cool to room temperature. After filtration over a sintered glass filter, a brilliant
purple solid was obtained, which was then washed with deionized water and with
methanol, and finally dried. 980 mg (1.6 mmol, yield 4%) of product were obtained

after column chromatography (eluent CH2Clz).

"H-NMR (300 MHz CDCls): 5 8.83 (s, 8H), 8.20 (d, J = 7.6 Hz, 8H), 7.81-7.71 (m,
12H). The NH protons could not be identified in the NMR spectrum.

UV/Vis: Amax 417 nm, 514 nm, 549 nm, 590 nm, 646 nm.
ESI-MS: 615.4 m/z [MH]".

Elemental analysis: calculated for Ca4H30N4 C: 85.97% H: 4.92% N: 9.11 %.
Found C: 86.41% H: 5.00% N: 8.77%.
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Figure 29. Top: ESI-MS spectrum of TPP in methanol. Bottom: "H-NMR spectrum of
TPP in CDCls.
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Appendix 1.4 — Synthesis of chlorido(5,10,15,20-Tetraphenyl-
21H,23H-porphinato)iron(lll) (Fe(TPP)CI)

242 mg (0.394 mmol) of TPP were dissolved under stirring in 25 mL of HPLC-
grade DMF. 5.42 g (27.26 mmol, 69 eq) of FeCl2:4H20 were added in small
portions under stirring. The process resulted in evolution of heat. The reaction
mixture was heated at 160 °C for 15 h. After the specified time, the reaction was
left to cool to room temperature, then treated with 30 mL of deionized water and
0.5 mL of concentrated HCI. The mixture was stirred at room temperature for 15
minutes, then placed in an ice bath for an additional 10 minutes. The reaction
mixture was filtered over a sintered glass filter. A purple wine solid was obtained
and washed repeatedly with deionized water until the filtrate was colourless. The
solid was transferred to an Erlenmeyer flask and treated abundantly with CH2Cl2
to dissolve selectively Fe(TPP)CI and separate it from iron oxides formed during
the reaction. A deep green solution was obtained and separated by filtration over
paper from reddish powders. Incidentally, these latter were found to be soluble in
aqua regia. The CH2Cl2 solution was brought to dryness with a gentle stream of
N2, producing 185 mg of a deep purple microcrystalline solid (0.262 mmol, yield
67%).

ESI-MS: 668.2 m/z [Fe(TPP)]* (loss of CI").
UV/Vis: Amax 416 nm, 511 nm, 570 nm.

Elemental analysis: calculated for C44H2sN4FeCl C: 75.07% H: 4.01% N: 7.96%.
Found C: 74.42% H: 4.17% N: 7.10%.
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Figure 30. ESI-MS spectrum of 10° M Fe(TPP)CI in methanol.
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2. Electrochemical Conversion of CO2 to CO by Fe'

Salophen complexes

The following Chapter is the compte rendu of the work we carried out on the role
of Fe(Salophen) complexes as molecular catalysts for the electrochemical
reduction of CO2. The work involved a collaboration between the Nano and
Molecular Catalysis group and Prof. Marc Robert (Université Paris Diderot) and
saw the contribution of other students (Roberto Altieri and Mirko Tagliapietra), in

conducting preliminary investigations and key preparative-scale experiments.

2.1 Rationale

Different fields of catalysis have extensively used Schiff base-type complexes.
Transition metal compounds of variously functionalized Schiff base ligands have
been specifically used as Lewis acids and redox catalysts. Specifically, Salophen
(N,N'-ortho-Phenylenebis(salicylimine)) ligand is easily synthesizable from
commercially available reagents and represents a widely used ligand for metal
catalysts in several fields.'®’In particular, the electrochemical properties of
Fe(Salophen)Cl have been the subject of seminal research in the field of
electrocatalysis by Bond and co-workers, that identified sequential reduction of
the Fe!' center to Fe! and finally to Fe!, with this latter species being
electrocatalytically active towards reductive dehalogenation of benzyl halides.68
Furthermore, the analogue cobalt(ll) Salophen complex was reported as a CO2—
to—CO reduction electrocatalyst in DMF in the presence of Li* by Isse et al.,
involving an electrogenerated cobalt(l) active intermediate.'?® Indeed, several
examples in the literature showed a common, privileged ligand choice for the
design of cobalt and iron COz2 reduction catalysts.These findings prompted us to
study Fe(Salophen)Cl as a potential molecular catalyst for the electrochemical
reduction of carbon dioxide. The work detailed herein accounts for the research
done on the use of Fe(Salophen) complexes as molecular catalysts for CO2

reduction.
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2.2 Synthesis of the Salophen ligand and of its iron complexes,
Fe(Salophen)Cl and Fez(Salophen)z(u—0)

Schiff base ligands are generally easily obtainable upon reaction of an aliphatic
or aromatic diamine with salicylaldehyde derivatives. Specifically, the reaction of
1,2-diaminobenzene with two equivalents of salicylaldehyde in ethanol easily

affords Salophen as orange crystals, according to Scheme 1.168

. 2
@ + 2 r _N N_
NH, Reflux, 180 min
OH EtOH

OH HO
Yield 90%

Scheme 1. Synthesis of the Salophen ligand.

Iron in its trivalent state can readily form two closely related coordination
compounds with the Salophen ligand, a mononuclear and a dinuclear species.
The formation of either complex is determined by the choice of reaction conditions
and of the iron source. Specifically, mononuclear Fe(Salophen)Cl is obtainable
when FeCls is used as an iron salt precursor. The synthesis of Fe(Salophen)Cl
requires the presence of a stoichiometric base to aid complex formation by
deprotonating the phenol moieties. The first explored procedure is a variation of
the literature synthesis, which requires triethylamine (NEt3) as the base (Scheme
2).1%8 NEt3 was slowly added to a mixture of excess FeCl3-6H20 and Salophen in
dichloromethane (DCM). After stirring the mixture for 2 hours, the organic phase
was extracted with milli-Q water and dried. Upon evaporation of the solvent,

Fe(Salophen)Cl was recovered in 65% yield.
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1. FeCly6H,0
2. NEt; (2 eq.)
=N N= > =N_ /N_
CH2C|2 /Fe\
OH HO 180 min r.. oo

Yield 65%

Scheme 2. Synthesis of Fe(Salophen)CI by using NEt; as a base.

An alternative (Scheme 3) procedure was devised to synthesize Fe(Salophen)Cl
while avoiding the extraction step. A stronger base (potassium tert-butoxide,
'BuOK) was used to quantitatively deprotonate Salophen generating its potassium
salt in methanol.'®® A solution of FeCl3-6H20 (1.5 eq) in methanol was further
added. After stirring under reflux, Fe(Salophen)CI was isolated upon removal of
the solvent and dissolution of the complex in DCM to remove insoluble inorganic
salts. This procedure was proven effective in affording higher yields of the

complex (>80%).
1.'BUOK (2 eq.)
2. FeCl;6H,0
—N N= > =N_ N=
CH3OH e
dOH HO:@ Reflux, 180 min 6:0 (|3| Oi@

Yield 84%

Scheme 3. Synthesis of Fe(Salophen)Cl using BuOK as a base.

The use of ferric chloride is crucial when targeting a monomeric form of the iron-
Salophen complex. Indeed, the use of any other Fe'' precursor leads
preferentially to the dinuclear p-oxo derivative. Literature reports featuring
Fe(Salophen) with apical ligands different than the chloride ion rely either on their
generation studied in solution or on the post-modification of Fe(Salophen)CI.
Indeed, [Fe(Salophen)]CIO4 can be prepared by CI- displacement using
AgCl04.770.171  Furthermore, Fe' salts easily afford the dinuclear complex when

the reaction is performed under oxygen-containing atmospheres, due to the high
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sensitivity to O2 of the divalent form of Fe(Salophen).'”2173 In the present work,
Fez(Salophen)2(u—0) was produced by allowing Fe(NO3)3-9H20 to react with
Salophen in the presence of NEts in warm ethanol (Scheme 4). The complex was
finally isolated as an orange solid upon centrifugation and washing with ethanol
(yield 65%).

O L PO 3 A
2.NEt3 (2 eq.) N, O o0 N
—N  N= > @[: ,Fei/ \:Fe/\ j@
Ethanol Nl o o |N
OH HO 60 °C, 90 min \© ©/
Yield 65%

Scheme 4. Synthesis of Fey(Salophen),(u—0).

2.3 Characterization of the complexes

Distinctive features between Fe(Salophen)Cl and Fez(Salophen)2(u—O) can be
evidenced through electrospray ionization mass spectrometry (ESI-MS) and
UV/visible spectroscopy (Figure 31 displays a comprehensive report of such
data). In particular, ESI-MS spectra of both compounds exhibit an intense peak
at m/z = 370, attributed to the [Fe(Salophen)]* ion, while peaks attributed to
dinuclear ions and centered at m/z = 757 ([Fez(Salophen)2(u—OH)]*) and 785
were observed only in the case of Fez(Salophen)2(u—0O). Concerning UV/Vis
spectroscopy, the two coordination compounds exhibit a notably different
electronic absorption, consistent with literature references. A band peaking at 365
nm (¢ = 1.3:10* M~'cm~") is observed for Fe(Salophen)Cl, while the dinuclear
Fez(Salophen)2(u—0) complex is characterized by a redshifted maximum at 405
nm (¢ = 2.0-10* M~'cm™); these spectral features, absent for the free ligand and
characterized by high intensity and molar extinction coefficients, could therefore
be appropriately described as charge-transfer bands between the Fe ions and the

salophen ligand.
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Figure 31. Top: ESI-MS spectra of 10-° M Fe(Salophen)Cl in methanol, synthesized as
per Scheme 2, and of 107° M Fey(Salophen)(u—O) in methanol, synthesized as per
Scheme 4. Bottom left: electronic absorption spectra of Fe(Salophen)CI (0.15 + 0.80
mM, blue traces). Bottom right: electronic absorption spectra of Fex(Salophen),(u—0)

(0.10 = 0.40 mM, red traces).
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2.4 Electrochemical properties of the complexes

The complexes were studied by means of cyclic voltammetry in acetonitrile (ACN),
in the presence of 0.1 M tetraethylammonium tetrafluoroborate as supporting
electrolyte, unless otherwise stated. Solutions were purged with N2 to remove
traces of Oz2: this is a crucial step since the reduced forms of the complexes are
reactive towards Oz reduction. The working electrode was generally a glassy
carbon disk electrode, the auxiliary electrode a gold disk electrode, and the
reference electrode an Ag/AgCl (3 M NaCl) electrode. All potentials are reported
against the ferricenium/ferrocene (Fc*/Fc) redox couple, added to the solutions

as an internal standard.

2.4.1 Electrochemical Characterization of Fe(Salophen)CI

Fe(Salophen)CI displays a rich redox chemistry, proper of iron complexes with
mixed-donor coordination spheres (Figure 32). As previously reported by Bond
and co-workers, the starting Fe'' complex can undergo a quasi-reversible
reduction at E12 = —0.69 V vs Fc*/Fc (AE = 77 mV), attributed to the Fe''/Fe'
conversion (wave A). This transformation is followed by a second cathodic event
at E12 = -2.01 V vs Fc*/Fc (wave B). The latter process is ascribed to a Fe!' —
Fe' reduction, which however displays poor reversibility. The attribution relies on
previous literature reports, based on the metal-centered reactivity of “Fe!” with

benzyl chloride.68

The persistence of the chlorido ligand in the coordination sphere of Fe(Salophen)
in the (+3), (+2), and (+1) oxidation states is met with general agreement, even in
a coordinating solvent as ACN. However, successive reductions at the level of the
iron complex result in an easier dissociation of the apical chloride, as observed in
other iron complexes relevant to electrochemical catalysis schemes such as Fe
porphyrins. This allows to represent the electrochemical reduction pathway

leading from Fe'" to Fe'' via the formalism of “square schemes” (Scheme 5).39
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Figure 32. Top: CV traces under N2 of 1 mM Fe(Salophen)Cl in ACN, restricted to the

Fe''/Fe' (black trace) and Fe'/Fe' (blue trace) couples. Bottom: CV traces under N of 1

mM Fe(Salophen)Cl in ACN, exploring potentials beyond the Fe'/Fe' couple. Scan rate:
0.1Vs™

84



c? O c?« DT c?« o
“ “

£ - 8 hod
FHDTT DT G

Scheme 5. Redox equilibria of Fe(Salophen)CI involved at the level of the Fe'/Fe" and

-CI

Fe'/Fe' couples.

Interestingly, two quasi-reversible one-electron reduction waves (wave C, E12 —
2.20 V vs Fc*/Fc and wave D, — 248 V vs Fc*/Fc) may be observed upon
increasing the explored potential range beyond the Fe'/Fe' cathodic peak. These
redox events are likely ligand-based processes, given the redox-active nature of
imine ligands as Salophen (vide infra). When the cathodic scan encompasses the
cathodic peak D, a newly formed oxidation feature arises at Ep = -1.53 V vs
Fc*/Fc, labeled peak E. The interpretation of such previously unreported findings

is discussed in further detail in Section 2.10.

2.4.2 Electrochemical Characterization of Fez(Salophen)z(u—0)

For Fez(Salophen)2(u—0O) (Figure 33) the first, quasi-reversible cathodic wave
encountered in the forward scan is cathodically shifted (E12 =-1.32 V vs Fc*/Fc,
AE =100 mV ) and is attributed to the Fe'' to Fe' reduction of both iron centers of
the Fe—O-Fe y-oxo bridge'’4-176. The more negative potential required to reduce
Fe!l to Fe' in the dinuclear species with respect to the mononuclear one is in

agreement with previous literature, and was observed also for iron porphyrin
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analogues. This is likely attributed to electron transfer involving population of high
energy 1" orbitals delocalized on the three Fe—O-Fe atoms in the dinuclear
species. In addition, the non—reversibility of the wave was attributed to partial
dissociation of the dinuclear species into two mononuclear units behaving
independently. This was further confirmed by the two anodic peaks observed in
the backward scan, at anodic peak potential Ep,a =—1.28 V vs Fc*/Fc (re—oxidation
of Fe'' to Fe'' in the dinuclear species) and at Ep,a =—0.65 V vs Fc*/Fc, attributable
to the re—oxidation of Fe'' to Fe!' in a mononuclear unit (Scheme 6). Regarding
this last aspect, a similar behaviour was also observed for porphyrin analogues.’””
Scanning toward more negative potentials with Fez(Salophen)2(u—0), a quasi-
reversible wave at Ey2 = -2.00 V vs Fc*/Fc was observed and attributed to the

expected reduction of Fe'' to Fe! in a mononuclear species.
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Figure 33. CV traces under N2 of 0.4 mM Fe,(Salophen)z(u—0) in ACN. Scan rate: 0.1
Vs,
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Scheme 6. Redox equilibria of Fex(Salophen).(u—0) involved at the level of the Fe''/Fe'"

couple in dinuclear and mononuclear species.

The formation of a common, mononuclear Fe' species either starting from
Fe(Salophen)CI or from Fez(Salophen)z(u—0O) was further confirmed by thin-layer
spectroelectrochemistry in the UV/Vis region, that shows an identical absorption
centered at 405 nm upon application of —2.00 V vs Fc*/Fc potential for both
complexes. The redshift with respect to the pristine Fe''' species is consistent with

an iron-to-ligand charge transfer band from a reduced iron center.
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Figure 34. Left: spectroelectrochemistry in the UV/Vis region of Fe(Salophen)Cl at no
applied potential (blue trace, Fe'' state), at —1.1 V vs Fc*/Fc (red trace, Fe' state), at —2
V vs Fc*/Fc (cyan trace, Fe' state). Right: spectroelectrochemistry in the UV/Vis region
of Fex(Salophen)z(u—0O) at no applied potential (black trace, Fe''Fe' state), at -2 V vs

Fc*/Fc (red trace, Fe' mononuclear state).

87



2.4.3 Interconversion of mononuclear and dinuclear species.

The distinctive spectral and electrochemical features of the mononuclear and
dinuclear salophen—based Fe species allow their speciation in solution, and the
investigation of their interconversion in the presence of Brgnsted acids or bases
or other chemical additives. From literature evidence and from chemical
considerations regarding the nature of the complexes, the y—oxo bridge binding
the two Fe centers in the Fez(Salophen)2(u—O) should form between two
mononuclear units in a base-induced condensation reaction.’”® Indeed,
conversion of Fe(Salophen)CI into Fez(Salophen)z(u—O) upon addition of NaOH
was observed through cyclic voltammetry, that revealed the progressive
abatement of the Fe'!'/Fe'" diagnostic peak for Fe(Salophen)CI (E12 = -0.69 V vs
Fc*/Fc), accompanied by a rise of the cathodic peak related to the dinuclear
Fez(Salophen)2(u—0) (E12= —1.28 V vs Fc*/Fc). Consistent results were obtained
via spectrophotometric titration, upon addition of NaOH to a 0.8 mM solution of
Fe(Salophen)CI (Figure).

Absorbance / a. u.

"350 400 450 500 550 500

Alnm

-2.0

E/VvsFc'lFe
Figure 35. Left: CV traces under N2 of 0.8 mm Fe(Salophen)Cl in ACN upon
progressive addition of NaOH; it is worth highlighting that in these CV the wave at -1.25

V attributed to the dinuclear species has a higher degree of reversibility with respect to
the one registered for the Fez(Salophen).(u—O) (see Figure 33); the reversibility of the
process was indeed shown to depend on the presence of Lewis acid cations. Scan rate:
0.1 Vs™. Right: electronic absorption spectra of 0.8 mM Fe(Salophen)Cl in ACN upon

addition of NaOH, showing the progressive conversion to the dinuclear complex.
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On the opposite site, protolysis of the y—O bridge in the presence of Breonsted
acids leads to the formation of mononuclear units Fe(Salophen)™ from
Fez(Salophen)2(u—0O); Fe(Salophen)* may lead to the formation of
Fe(Salophen)CI in the presence of chloride ions. The reversible interconversion
between mononuclear and dinuclear species can be summarized in Scheme 7; in
particular, the conversion of dinuclear into mononuclear species in the presence
of proton donors is of relevance since the presence of a proton source is typically
needed when investigating the electrocatalysis of CO2 reduction. The intrinsic
instability of the y—oxo bridge under the conditions for electrochemical CO:2
reduction hampers an evaluation of the impact of the nuclearity of the iron

complex on the reactivity in the present case (vide infra).
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Scheme 7. Proposed equilibria among mononuclear and dinuclear iron complexes with

salophen ligand.

The acid chosen to study protolysis of the oxo bridge was acetic acid (HAc), mildly
strong in CH3CN (pKa = 23.51).77® Upon addition of acetic acid (Figure 36), an
initial decrease of the peak current at —1.38 V vs Fc*/Fc is observed, while a new
cathodic peak at —1.11 V vs Fc*/Fc arises. This latter undergoes a cathodic shift
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up to —1.00 V vs Fc*/Fc upon increasing the concentration of acetic acid. Finally,
in the presence of 8.5 mM HAc, the only feature is a reversible wave, attributed
to the Fe''/Fe'!' couple of a mononuclear species (E12 =-0.72 V vs Fc*/Fc, AEp =
100 mV). The proposed acid-induced cleavage of the p-oxo bridge involves a
protonated dinuclear complex [Fez(Salophen)2(u—OH)]*, formed in an acid:iron

substoichiometric regime.

This p-hydroxo bridged dinuclear complex dissociates forming two mononuclear
units upon further protonation. The mononuclear salophen complex generated by
the protolysis of the p-oxo dinuclear compound, generically indicated as
Fe(Salophen)*, likely bears acetate ligands that are not explicitly indicated.
Indeed, hexacoordination is expected via the intervention of the conjugate base

of the acid and/or by solvent molecules.

When the electrochemical behaviour of Fez(Salophen)2(u—O) is studied in
acetonitrile with 0.1 M tetrabutylammonium chloride as both the supporting
electrolyte and a chloride source (Figure 36), the feature attributed to the Fe''/Fe'
couple of Fe(Salophen)Cl is observed (E12 = -0.67 V vs Fc*/Fc, AEp = 60 mV).
The blue portion of the curve in Figure 36 encloses such feature. This indicates,
as previously discussed, that the dinuclear complex may be subjected to

conversion to Fe(Salophen)Cl, induced by the presence of chloride anions.
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Figure 36. Top: CV traces under N2 of 0.4 mM Fex(Salophen)(u—O) in ACN upon
addition of acetic acid. Bottom: CV trace of 0.4 mM Fex(Salophen);(u—O) in the
presence of 0.1 M tetrabutylammonium chloride (TBACI) as supporting electrolyte and
chloride source; the blue and red parts of the CV trace indicate waves attributed to
Fe(Salophen)Cl and Fex(Salophen)z(u—0), respectively, with Fe(Salophen)CI forming
from Fey(Salophen)2(u—O) in the presence of CI~ from the support electrolyte. Scan
rate: 0.1 Vs™.
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2.5 Electrochemical behavior of Salophen Fe complexes in the

presence of carbon dioxide

The voltammogram of CO2-saturated (0.28 M in ACN) solutions of
Fe(Salophen)Cl and Fez(Salophen)2(u—O) is reported in Figure 37. For what
concerns the Fe''/Fe'' couple, no significant changes are observed; the Fe'/Fe!
reduction peak, however, is affected by the presence of carbon dioxide,
undergoing a two- to three-fold enhancement of the cathodic peak current. The
registered peak current increase might be regarded as an electrocatalytic
contribution, as previously reported for the analogous Co'" complex, where the
increase of cathodic current under similar conditions was attributed to the
electrochemical reduction of CO2 to CO with formation of carbonate.!??
Incidentally, the irreversible Fe'/Fe' peak shape, potential and current are similar
for both mononuclear and dinuclear Fe catalysts, thus suggesting the occurrence
of a redox process involving a common mononuclear Fe' intermediate (vide

supra).
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Figure 37. CV traces of 1 mM Fe(Salophen)CI (top) and 0.5 mM Fex(Salophen);(u—0)

(bottom) in ACN under CO; atmosphere. For Fe(Salophen)CI, the trace under N2
atmosphere is provided for comparison (black trace). Scan rate: 0.1 Vs™.
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A further confirmation came from similar traces observed under
spectroelectrochemistry in the infrared region (SEC-IR), a widely exploited tool for
characterizing binding and reduction of CO2 at metal centers. The differential IR
spectra obtained for Fe(Salophen)Cl and Fez(Salophen)2(u—O) along SEC-IR
experiments in the presence of CO2, conducted at the potential of the second
reduction, are reported in Figure 38. The low frequency, intense positive
absorptions bands at 1883 cm~" and 1913 cm~" are reasonably attributed to the
C-O0 stretching in an iron-carbonyl intermediate, originated from iron-assisted C—
O bond breaking of carbon dioxide'”®. Consistently, oxide transfer to a second
molecule of COg, in the presence of traces of water in the SEC cell, leads to
hydrogen carbonate as supported by the positive absorptions bands at 1679,
1646 and 1306 cm~'. Finally, the negative absorptions at 2357 and 2324 cm~" are

ascribed to CO2 consumption along the electrolysis.'”®
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Figure 38. Spectroelectrochemistry in the IR range conducted at —2.1 V vs Fc*/Fc for
0.8 mM Fe(Salophen)CI (top) and 0.4 mM Fez(Salophen),(u—0) (bottom) in the

presence of CO,.
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Fe' reactivity towards CO2 was further studied by in situ spectroelectrochemistry
in the UV/Vis (SEC-UV/Vis). When electrolyzing a solution of Fe(Salophen)CI at
—2.1V vs Fc*/Fc under a CO2 atmosphere, the absorption maximum of Fe' at 405
nm shifts to 385 nm in the presence of CO2, which may be tentatively ascribed to
the formation of the same iron carbonyl intermediate detected by SEC—IR (Figure
39, top). However, strongly informative evidence was garnered by ex situ SEC,
performed to probe the reactivity of Fe' towards CO: in conditions suitable to study
CO2 activation without turnover occurring. An electrolysis experiment was
performed in a gas-tight electrochemical cell under N2 atmosphere (Figure 39,
bottom left; details about the experimental setup are provided in the Experimental
Section of the present Chapter). A 0.8 mM Fe(Salophen)Cl solution was
electrolyzed at —2.1 V vs Fc*/Fc to quantitatively generate the Fe' species, thus
obtaining a forest green solution. After the electrolysis, the solution was
manipulated by cannulation to withdraw the Fe' species for spectral analysis. The
UV/Vis absorption spectrum (Figure 39, bottom right), registered under N2
atmosphere, was found coherent with that of the Fe'(Salophen) observed by in
situ UV/Vis SEC, with a charge transfer optical band peaking at 405 nm.
Afterwards, the reactivity of the Fe' towards CO2 was probed by bubbling CO2 for
30 s into the Fe!(Salophen) solution in the working compartment of the electrolysis
cell. An instantaneous colour change of the Fe!(Salophen) solution to bright
orange was observed. The solution (incidentally found to be indefinitely stable in
air) was withdrawn by cannulation under a pressure of CO2 and analyzed by
UV/Vis spectrophotometry. Features coherent with a Fe' species were observed:
this result suggests the reactivity of Fe' intermediate towards COz, associated to

the oxidation of the iron center.

95



m
1.254 Fe

0.754

Absorbance [ a.u.

350 400 450 500 550 600 650
Al nm

Fe'
Fe'+ CO,

0.5+

Absorbance [ a.u.

0.0 ; . : : i
400 500 600 700 800
A/ nm

Figure 39. Top: spectroelectrochemistry in the UV/Vis of 0.8 mM Fe(Salophen)CI under
N2 atmosphere at no applied potential (black trace), and at —2.1 V vs Fc*/Fc under N
(red trace) and CO: (blue trace) atmosphere. Bottom left: picture of the electrochemical
cell containing Fe'(Salophen) produced by electrolysis at —2.1 V vs Fc*/Fc before and
after addition of CO,. Bottom right: electronic absorption spectra of the Fe'(Salophen)

solution before (blue trace) and after (red trace) addition of CO..

Further evidence of reactivity and oxidation of Fe' in the presence of CO2 came
from electron paramagnetic resonance (EPR) spectroscopy, performed in
collaboration with Dr. Antonio Barbon (University of Padova) as ex situ EPR
spectroelectrochemistry (Figure 40). For a frozen sample of the electrogenerated
Fe' state, a signal at 3450 G (g = 2) is observed at 80 K, which is consistent with
a S =1/2 forad’ low-spin Fe';'8 in the sample treated with COz, the signal above

disappears, while the appearance of a broad band at circa 3330 G and the raising
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of a feature at 1600 G (g = 4.3) are observed. These features are consistent with
a d® high-spin Fe'" with a high degree of rhombicity,'”® formed upon reaction of
Fe' with COs2. Interestingly, although indicative of a Fe'! state, this spectrum is
different from the one of Fe!'(Salophen)Cl, that displays a signal at low fields at g
= 8.6 indicative of a smaller degree of rhombicity, likely ascribable to different

apical ligands.
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Figure 40. cw-EPR spectra in the regions g = 4 to 9 ca (left) and around g = 2 (right),
relative to the position of most relevant Fe bands taken at 80 K for a series of samples:
(black trace) Fe(Salophen)ClI prior to electrolysis (Fe'!' state); (red trace) after
electrochemical reduction to Fe' state under inert atmosphere and (blue trace) after
exposure to CO- (spectral characteristics of Fe'', formed following Iron-CO, reaction). In
the right panel the region for classical Fe'" bands is highlighted, as well as that for Fe'

(the only visible band is starred).

After the first peak observed under a CO2 atmosphere, a further irreversible multi-
electron cathodic wave was observed peaking at —2.40 V vs Fc*/Fc (Figure 37).
An analogous, composite peak is observed for Fez2(Salophen)2(u—0). This latter

wave is ascribed as well to electrocatalytic COz2 reduction. The interpretation of
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the voltammogram can be guided by insights based on previous studies on
Fe(gpy) and Co(gpy) complexes by Cometto et al.>® Specifically, the formation of
a Fe—CO2 adduct occurring at the level of the Fe' species is indicated by the
irreversible nature of the peak observed under CO2 atmosphere. However, CO2
binding is not the sole event occurring, the transformation being multi-electronic
in nature and suggestive of a productive mechanism eventually leading to the Fe—
CO adduct identified via SEC-IR. The catalytic transformation would therefore
require further activation, being sluggish in the absence of proton donor
coadjutants at the potential whereupon CO:2 binding by Fe' is observed. Further
reduction of the adduct could then provide a more efficient turnover under dry
condition, in a scheme suggestive of two waves pertaining to the same catalytic
reaction, i.e. CO2-to-CO reduction. Nonetheless, this latter statement was not

further investigated, on the premises here anticipated:

i) Catalysis can be attained at the level of the first wave under optimized
conditions;

i) Parasitic reactions leading to catalyst deactivation are more pronounced
as the potential of the working electrode becomes more cathodic towards

the potential of the second wave (vide infra).

Regardless, it is noteworthy that, when the potential is explored along
voltammetric experiments, the level of both irreversible peaks observed under
CO:2 in the absence of deliberately added proton donors, the Fe!' — Fe! anodic
peak remains unaltered. This indicates that, at least in the timescale of the CV,

no appreciable degradation of the catalyst occurs.

Nonetheless, the current enhancement associated with the generation of the
electroactive iron(l) species observed in the CV traces in the presence of CO2 is
modest. By assuming a reductive catalytic process in which carbon dioxide is
involved, the observation may be related to the absence of a catalyst coadjutant,

in particular of a suitable proton donor.
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2.6 Electrochemistry in the presence of Phenol

The chemical and electrochemical properties of the iron salophen species were
thus investigated in the presence phenol (PhOH) serving the function of Brgnsted
acid. Incidentally, acetic acid and water were also examined, although the
unencouraging results (fast decomposition, inefficient catalysis) led us not to

investigate catalysis in the presence of these proton donors.

In particular, phenol provided the most interesting results, based on its
effectiveness as CO2 reduction activity enhancer, already used in several
literature examples of iron-based molecular catalysts.'®! This particular CO2-
oriented selectivity of phenol with respect to other proton donors may be related
to its mild acidity (pKa = 29.14 in acetonitrile)'’®, that hampers the formation of
iron hydride intermediates and their subsequent reaction with protons to form

hydrogen.

Binding interactions of Fe(Salophen) complexes with PhOH are relevant to COz2
reduction catalysis, given the importance of proton-coupled electron transfer
events in kinetically crucial steps. Specifically, the reactivity of Fe(Salophen)CI
and Fez(Salophen)2(u—O) was studied by means of cyclic voltammetry restricted
to the Fe'/Fe' redox couple. A thorough discussion of the experimental results is
provided in Appendix 2. Briefly, the complexes were found to be interacting with

two molecules of PhOH. The interaction may be rationalized in terms of:

i) Coordination of PhOH or PhO~ to the iron center, in competition with CI-
binding; this contribution is believed to be the most substantial.

i) Association by means of protonation and/or hydrogen bonding with the
ligand scaffold.
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2.6.1 Fe' reactivity towards phenol

When the potential was scanned to reach the potential range at which Fe' is
further reduced to Fe!, in the presence of PhOH a multi-electron feature was
registered as a peak-shaped wave at Ep =—-2.03 V vs Fc*/Fc under N2 atmosphere
(Figure 41). This feature displayed peak currents invariably corresponding to 4
times those associated with the one-electron Fe'' — Fe' reduction peak. The peak
potential and current values were proven independent on the concentration of
PhOH in the range 0.1 + 2 M, thus leading to exclude a catalytic process. Based
on the outcome of electrolysis experiments (vide infra), we are brought to
hypothesize a ligand-centered reduction event occuring when the complex is
reduced beyond the Fe' state in the presence of a proton donor. Similar findings
were reported for the free Salophen ligand and its Co complex, both undergoing
electrochemical saturation of the imine functionalities in the presence of PhOH.
At the present state, the possible role of the metal center in assisting such
process, €.g., mediation of the hydrogenation of C=N bonds in an intramolecular

fashion, is cautiously left void of attribution. 82
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Figure 41. CV traces under N2 atmosphere of 0.8 mM Fe(Salophen)Cl in ACN in the
presence of PhOH 0.3 M (top left), 0.5 M (top right), 1.0 M (bottom left), 2.0 M (bottom
right). Scan rate: 0.1 Vs™.

2.6.2 Catalytic CO:2 reduction in the presence of phenol

The scan towards more negative potentials is accompanied by the increase of the
expected, intense and irreversible wave attributed to CO2 reduction, at the
potential of the Fe'/Fe' couple. The peak potential Ep,co2 is observed at —1.99 V
vs Fc*/Fc, independently from phenol concentration, while the peak current ip,co2
raises from —86 to —136 pA (corresponding to —1.22 to —1.92 mAcm~2) upon
increase of [PhOH], Figure 42. A visual analysis of the voltammogram reveals a
peak—shaped wave,[3-%%] suggesting the interference of secondary phenomena
competing with catalysis (vide infra; increase of the scan rate up to 10 Vs~ did

not change the current profile to an “S—shaped” wave).

Almost superimposable waves were observed in the voltammograms under CO2
of Fe(Salophen)* species deriving from Fe2(Salophen)2(u—0) at the same nominal
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iron concentration (0.8 mM, Figure 43), since the presence of phenol induces
protolysis and cleavage of the Fe—O—Fe p—oxo group, leading to the generation

of the mononuclear Fe(Salophen)* (Schemes 6 and 7 and previous discussion).

The catalytic wave of CO2 reduction is followed by a further intense wave,
characterized by a peak current of ca —130 pyA and by a peak potential that
depends on phenol concentration and falls in the range —2.17 +-2.00 V vs Fc*/Fc,
with less negative values observed at high concentration of phenol. At the highest
phenol concentrations employed (1 and 2 M), this wave partially superimposes
with the catalytic wave of COz2 reduction (Figure 42). Similar waves, observed also
in the CV under N2, are attributed to ligand-based reductions, eventually leading
to catalyst demetallation and electrodeposition (further evidence will be provided

by electrolysis experiments, vide infra).
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Figure 42. CV traces of 0.8 mM Fe(Salophen)CI in ACN under CO, atmosphere in the
presence of PhOH 0.1 M (a), 0.2 M (b), 0.3 M (c), 0.5 M (d), 0.6 M (e), 1 M (), 2 M (g).

Scan rate: 0.1 Vs™.
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2.7 Preparative scale CO2-to-CO electrochemical reduction

In order to characterize the electrochemical processes associated with these
cathodic waves, constant potential electrolysis experiments (CPE) were
conducted by employing a 2 cm? glassy carbon working electrode. Concerning
the reaction products, both CO and H2 were detected along the electrolysis, while
no formic acid, methanol and other soluble products were observed. A control
experiment employing '3COz2 led to the formation of '*CO, thus confirming carbon

dioxide as the source of the produced carbon monoxide (Figure 44).1%4
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Figure 44. Top: chromatographic peak of *CO at increasing electrolysis time. Bottom:

mass spectrum of the eluted *CO.

Interestingly, the formation of CO and Hz2 showed markedly different profiles along
the electrolysis, as can be appreciated in Figure 45, reporting the turnover number
of Fe(Salophen)CI for CO and Hz (top left), the selectivity for CO (top right) and
the Faradaic efficiency (bottom) as a function of the charge passed during
electrolysis, normalized per iron center (Table 3). In particular, employing PhOH
in the range 0.1 + 1 M, CO was detected from the beginning of the electrolysis

with selectivity in the range 90 + 99% and Faradaic efficiency up to 59%, while
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CO production suffers from a slowing down after circa 10 electrons passed per
iron center (total TON for CO production of 3, with 0.5 M [PhOH]). Conversely,
the H2 profile showed an initial lag time followed by a rising of production,
concomitant to the depletion of CO formation, that leads to a drop in selectivity of
the process towards CO after circa 10 electrons passed per iron center in

electrolysis (Figure 45; results are summarized in Table 3).

2.5] 75 k2 1 menon MOyscdcgecgana
—e—CO, 0.5 M PhOH . e S
- ©0-H2, 0.5M PhOH o 0.8
2.0 ——C0,0.1 MPhOH T *
- O- H2,0.1 M PhOH = .
+
= 1.5 Q 061
5 : :
1.0 — 0.4+ hon
8 - 1M
0.5 g 0.2 a0
e ZM
004 Eacgyoenogrezzofzazs . 0.0
0 2 4 6 8 10 12 0 2 4 8 10 12
n(e’) / n(Fe) n(e’) / n(Fe)
——2 M PhOH
—e— CO (PhOH 1M) 0' ——1 M PhOH
0,61 e - 0= H, (PhOH 1M) :g,?ms:g:
. T e |
L 0,51 / —e—CO (PhOH 0,1M) (@]
_9 - <= H, (PhOH 0,1M) ~ 4
g ) 4]
E 0.4 %
© 03 g -6
S 6]
@ 0,21 8
@
= o / 10
0,01 .‘.1'5sf,i.izfz555ﬁ;zzzsz-?-;ffj;:::"':“;'*"' . . ; . : ; . .
0 > 2 6 8 10 12 0 2000 4000 6000 8000 10000

Time s

Figure 45. TON for CO and H (top left), selectivity for CO (top right) and Faradaic
efficiency (bottom left) vs the charge passed along electrolysis experiments (maximum
electrolysis time was 3 h), normalized per Fe center as a function of phenol
concentration (0.1+1 M; regarding selectivity, two data points for the electrolysis at 2 M
PhOH are also shown); charge vs time profiles in electrolysis experiments as a function
of phenol concentration (0.1+2 M) (bottom right). The CPE experiments were performed
at —2.0 V vs Fc'/Fc; Fe(Salophen)CI 0.8 mM; tetraethylammonium tetrafluoroborate 0.1
M; 20 mL ACN saturated with CO., at different concentrations of PhOH.
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Selectivity
n{e’}/n(cat) F.E. CO (%) F.E. H: (%) F.E.(CO)-100/
{F.E.[CO}+F.E.{H:))

Phenol 2.0 M

1.9 30 14 68

4.0 23 22 21

20 5 70 7
Phenol 1.0 M

0.57 15.5 1.7 90

1.96 279 1.8 94

3. 36.2 20 95

5.86 459 24 95

7.81 459 3.0 94

9.76 43.8 5.0 90

11.64 387 10.7 78
Phenol 0.5 M

0.57 35.9 1.3 96

2.1 50.5 1.1 98

4.02 576 1.2 98

5.88 58.6 1.7 97

8.07 546 3.1 95

9.83 51.9 45 92
Phenol 0.1 M

0.56 M.y =0.1 =09

2. 19.4 =0.1 =99

4.04 242 0.21 99

59 268 0.38 99

6.83 238 0.52 98

8.03 19.8 0.87 96

Table 3. Results of CPE experiments were performed at —2.0 V vs Fc*/Fc;

Fe(Salophen)CI 0.8 mM; tetraethylammonium tetrafluoroborate 0.1 M; 20 mL ACN

saturated with CO,, at different concentrations of PhOH.
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The UV/Vis analysis of the electrolysis solution shows the fingerprint signatures
of mononuclear Fe(Salophen)™ with a ~20% abatement of intensity with respect
to a freshly prepared solution at the same nominal concentration (Figure 46),
indicating partial catalyst decomposition. Reutilization of this solution in a new
electrolysis, after polishing the working electrode, restores the production of CO;
this result speaks in favour of a surface modification of the glassy carbon working
electrode, originated from the decomposition of the iron catalyst, as responsible
for the observed change of selectivity of the process towards hydrogen evolution.
The change of catalytic regime was even more pronounced at a higher phenol
concentration of 2 M, where a lower initial CO selectivity and its faster drop were

observed (Figure 45).
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Figure 46. Electronic absorption spectra of a 0.8 mM Fe(Salophen)CI solution in
acetonitrile, in the presence of 0.1 M tetraethylammonium tetrafluoroborate and 0.5 M
PhOH before (red trace) and after (black trace) CPE at — 2.0 V vs Fc*/Fc under CO..

Indeed, after the electrolysis experiment the glassy carbon working electrode
surface was found to be covered by iron-based nanoparticles originated from
electrodeposition of the iron molecular precursor at the electrode, with rough
surface and dimensions up to 100 nm, as revealed by Scanning Electron
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Microscopy (SEM, Figure 47). Ex-situ X-Ray Photoemission Spectroscopy (XPS)
showed peaks at binding energies of 726 and 711 eV associated to Fe 2p32 and

Fe 2p1.2 transitions, typical of iron oxide formed upon air exposure of the electrode
(Figure 47).
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Figure 47. Left: SEM image of the iron nanoparticles on the glassy carbon electrode
surface after CPE of a Fe(Salophen)CI solution. Right: XPS spectrum of the iron

nanoparticles, exhibiting Fe'" signals due to the electrode being exposed to the air.

The electrodeposition of the nanoparticles could likely originate from ligand
demetallation upon a further reduction of Fe' to “Fe®” intermediates, as observed
in the case of the Fe(gpy) catalyst.'® The direct utilization of the unpolished
glassy carbon electrode in a CPE experiment, conducted in the absence of Fe
complexes in solution, led to immediate, continuous and stable production of Hz
(current density = 0.6 mAcm~2, Faradaic efficiency in the range 65 + 80%), while
no CO was detected. Interestingly, methane was also observed as electrolysis
product, and confirmed to be electrogenerated from carbon dioxide from a
labelling experiment with 3COz2 (Figure 48), with a Faradaic efficiency of 1 + 2 %;
this value corresponds to a partial current density for methane generation in the
range 6 + 12 pAcm=2, slightly inferior to the one obtained in the case of Fe
nanoparticles electrodeposited from Fe(qpy), 27 yAcm2. The yield and selectivity
of methane generation likely depend on nanoparticles size, shape and

composition.®®
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Figure 48. Top: chromatographic peak of CH4 detected under electrolysis experiments
with *CO,. Bottom: mass spectrum of the eluted '*CH4. CPE experiments performed
under CO, atmosphere on a 2 M PhOH solution without the iron Salophen complex,

employing as the working electrode the glassy carbon plate bearing the nanostructured

iron layer. Applied potential = —2.0 V vs Fc*/Fc; average current density ina 1 h

experiment = 0.6 mAcm™ with a 2 cm? carbon plate working electrode (geometric area).

2.8 Homogeneous vs heterogeneous electrocatalytic routes and

benchmarking

The results above can thus be interpreted on the basis of competitive
homogeneous and heterogeneous electrocatalytic pathways having different
preferential products. The former is carried out by the molecular Fe' Salophen
intermediate and leads to selective COz2 reduction to CO. The latter is driven by
the heterogeneous iron nanoparticles formed upon electrodeposition from the
molecular precursor, and is mainly oriented towards proton reduction to H2 with

formation of CH4 as a minor product.

With the identification of CO as the product of the homogeneous electrocatalytic

reduction of CO2 by Fe Salophen species, it is possible to determine the metrics
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for catalyst benchmarking. The overpotential can be calculated from the
difference between the peak potential Epco2 of the catalytic curve previously
determined (Table 4) and the E° for the CO2/CO couple under the adopted
conditions. In organic solvents E°(CO2/CO) is related to the following equation
(Eq. 31), and depends on the activity of the species including the acidity of the

proton donor, PhOH in the present case:

CO2 + 2PhOH + 2~ = CO + 2 PhO~ + H20 (Eq. 31)

This was recently estimated in acetonitrile as —0.72 V vs the standard hydrogen
electrode (SHE), resulting in E°(CO2/CO) = -1.34 V vs Fc*/Fc after converting the
potential to the Fc*/Fc couple (E vs SHE = E vs Fc*/Fc+ 0.624 V).126.13° Therefore,
the overpotential at the peak of the wave in the presence of phenol can be

calculated as per Eq. 32:

n= —(Epco, — Edo,c0) = (199 — 1.34) V = 0.65V (Eq. 32)

The kcat of the iron complex at different phenol concentrations (in the range 0.1 +
0.6 M, where the wave of CO2 reduction is clearly distinguished from the wave
leading to electrodeposition, Figure 42), can be estimated subjecting the
voltammograms to the FOWA treatment. FOWA enables determination of the rate
constant by analysis and fitting of a CV scan at the foot of the catalytic wave,
where low charge has passed and side phenomena can be assumed negligible.

The approach for data treatment through the FOWA is provided in Appendix 2.

The plots show profiles with a maximum, as expected in the presence of side
phenomena; the linear fitting is applicable only in a restricted range of low (E —
ECFeqim) values, providing slopes that can be associated to the k through Eq. 33,
where the concentration of CO2 substrate is equal to 0.28 M in acetonitrile. The
catalytic constants kca (Table 4) can then be calculated from Eq. (3):

kear = k[COZ] (Eq- 33)
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[PhOH], M E;coz In, MA Kot 57
W vs FcH/Fc (.. mMA-cm—2)
— -2.07 —41 (- 0.58) 0.60+0.03
0.1 —1.95 — 86 (—1.22) 291+15
0.2 —1.99 —-91i{-1.29) 421120
0.3 —1.99 —98 (- 1.39) 531426
0.5 —1.99 =100 (—1.41) 1016450
0.6 -1.99 -108 (- 1.53) 1250460
1 —1.99 —136 (—1.92) n.d.
2 —1.99 —132 (= 1.87) n.d.

Table 4. Electrocatalytic parameters for reduction of CO, to CO by Fe(Salophen)CI
determined from CV experiments. An uncertainty of +5 % should be considered for the

ip and kcat values reported.

The kcat values show a linear dependence on phenol concentration, while the plot
of log(kcat/Keat0) vs log([PhOH]J/[PhOH]o) shows a slope of 0.82 (Figure 49),
suggesting a first order dependence in the catalytic cycle of COz2 reduction to CO.
A catalytic scheme can thus be postulated, involving a 1e~ / 2H* reduction of a
Fe'-CO2 adduct to generate a Fe—CO intermediate and release water. Upon
further reduction, regeneration of the Fe' resting state would close the catalytic
cycle (Figure 50). It is worth to mention that the initial catalyst activation (reduction
of Fe' to Fe' active state) can also account for the low Faradaic efficiency

observed at the initial stage of the electrolysis (n(e”)/n(Fe) < 4, see Figure 45).
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Figure 49. Left: plot of the values of k. calculated by FOWA as a function of the
concentration of phenol, displaying a linear dependence. Right: plot of log(kcaKcat0) @s a
function of log([PhOH]/[PhOH]o), with a slope of approximately 1. The values of [PhOH]o

= 0.1 M was arbitrarily chosen.

After determination of n and of kcat, the values obtained at [PhOH] = 0.6 M were
plotted in Figure 50 as a catalytic Tafel plot to allow for benchmark comparison
with literature data. Iron Salophen is catalyzing CO: electrochemical reduction at
relatively low overpotential (in the range of several literature benchmarks based
also on noble second and third row transition metals). The catalytic rate kcat (or
turnover frequency, TOF) is high, although it is one order of magnitude lower with
respect to the one observed for the iron tetraphenyl porphyrin (kcat up to 10* s~
1),14.33 the forerunner of this class of CO:2 reduction catalysts. The notable
improvement of catalytic performance for iron porphyrins in the latest years3+3%
suggests a large margin of catalyst optimization also for Fe(Salophen) catalyst.
With this regard, a tetracationic iron porphyrin Fe(oNMe3TPP)3S gives a clear
outstanding performance catalyst with respect to the average, both in terms of low
overpotential and of high kcat; this win—win condition was ascribed to a favourable
supramolecular interaction of the catalyst with carbon dioxide: a similar approach
can thus be envisaged for iron salophen species, by proper functionalization of

the ligand scaffold.68.6°
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Figure 50. Top left: catalytic Tafel plot for the reduction of CO, to CO by Fe(L)Cl in

acetonitrile, in the presence of 0.6 M phenol (kcat = 1250 s, Table 4). E°, the potential

of the Fe''/Fe' couple in the absence of CO, and phenol, is set to —2.00 V vs Fc*/Fc. Top
right: Catalytic Tafel plot for benchmarking electrocatalysts for CO; reduction. Reprinted
with permission from °8. Copyright 2018, American Chemical Society. Bottom: proposed

catalytic cycle based on the experimental observations.

The limited TONco reached in optimized electrochemical catalytic regimes is
justified by the low stability of the Fe' intermediate. Indeed, the metal-centered
reactivity towards COz2 is eventually impaired by electrode passivation at [PhOH]
< 0.5 M. However, deposition of Fe-based particles eventually leading to a

heterogeneous catalytic regime is observed only when the proton donor
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concentration is increased further (Figure 51). Incidentally, when examining the
CV traces in the presence of carbon dioxide, merging of the second wave with
that ascribed to the catalytic process is observed as the concentration of PhOH
increases. This observation, ascribable to ligand electrochemical saturation that
becomes more facile as the concentration of protons becomes higher, leads to

two implications:

i) As the ligand-centered decomposition pathway overwhelms the metal-
based CO:2 reduction process, kinetic interrogation of the CV response is
prevented. Specifically, the FOWA approach fails for [PhOH] = 1 M, the
catalytic process being completely masked, consistently with the low
selectivity for CO observed in preparative electrolysis.

i) Comparison between the voltammetric behaviour observed under CO:
atmosphere in the absence and in the presence of PhOH is restricted to
the first wave (Fe' — Fe'), since the alleged metal-based reactivity
observed at higher overpotentials in the absence of proton donors suffers
from competition by the non-catalytic reduction processes when PhOH is
introduced.

A primary task will be first to stabilize the catalyst towards the observed
electrodeposition of heterogeneous Iron based materials. In this regard, reductive
activation of the Fe(qpy) catalyst through a photochemical cycle has shown to
improve the catalyst durability with respect to the electrochemical conditions.%
Indeed, the utilization of the title Fe(Salophen) catalysts in light activated cycles

is currently on going and will be reported in due course.
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Figure 51. Schematized representation of the transition from the homogeneous
catalytic regime leading to CO-to-CO reduction by Fe'(Salophen) to a heterogeneous
regime in which iron nanoparticles deposited on the carbon working electrode promote

H2 evolution and CO- reduction to CHs. The scheme is structured based on the

evolution of the electrolysis current from the homogeneous regime (red trace, cyan
background) followed by increase (red trace, yellow background). Deposition of iron
nanoparticles on the working electrode leads to an electrocatalytically active material
(blue trace, orange background). Note that the cathodic current increases towards

negative values, as per the IUPAC convention followed throughout the Thesis.
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2.9 Electrochemical characterization of the Salophen ligand in

acetonitrile

As part of control experiments protocols, the voltammetric behaviour of the ligand
was studied in acetonitrile in the presence of 0.1 M tetraethylammonium
tetrafluoroborate as supporting electrolyte. The interpretation of the experimental
data has been carried out based on a previous report by Isse et al.'8?
Voltammograms of Salophen recorded at 0.1 Vs~' display a first irreversible peak
at —1.98 V vs Fc*/Fc, followed by a weaker, ill-defined irreversible peak at —2.29
V vs Fc*/Fc (Figure 52). This first system of peaks is attributed to the formation of
a radical anion upon reduction of the redox-active C=N bonds. The radical anion
has been proposed to evolve to a saturated form upon stepwise proton transfer

and intramolecular cyclization steps (Scheme 8)'82.

; : e @>/:\< >/:\<
—N N= _— —N N= - e HN NH
HO OH
OH HO OH HO Q Q

Scheme 8. Electrochemical processes leading to reductive saturation and cyclization of

the Salophen ligand.

A second, irreversible wave peaking at —2.69 V vs Fc*/Fc has been attributed to
the reduction of the conjugate base of Salophen, generated by the homogeneous
chemical reactions following the first electron transfer. However, certain attribution
was not provided in the original report, and it is not inconsiderate to hypothesize
that the second reduction step could target the radical anion to produce a more

basic dianion.

Interestingly, the accumulation of the conjugate base of Salophen in the reaction-
diffusion layer can be traced by cyclic voltammetry (Figure 52). As proposed by
Isse et al., it is obtained through proton transfer from the substrate to the singly or
doubly reduced form of the ligand. The Salophen conjugate base (Salophen?-)

may indeed be detected on the reverse scan, since the irreversible oxidation peak
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of the phenolate is detectable in the range -0.40 V and -0.19 V vs Fc*/Fc.
Incidentally, anodic detection of Salophen?- is more easily attained on a glassy
carbon electrode than on Hg working electrodes used in the aforementioned 1996
work. The attribution is supported by in situ deprotonation of Salophen with 2
equivalents of sodium tert-butoxide. The deep yellow solution of the Salophen
dianion sodium salt displays an irreversible oxidation peak arising at —0.07 V vs
Fc*/Fc, ascribed to phenoxide moieties oxidation. Incidentally, the more anodic
peak potential with respect to those observed by generating the anion at the
electrode is justifiable by invoking the stabilizing effect of Na* on the phenoxide

groups.

When Salophen is reduced at the electrode, its conjugate base is generated to a
higher extent as the explored cathodic potential window is enlarged and as the
scan rate is increased. The former observation is consistent with an increase in
basicity of the progressively more reduced forms of the Schiff base. The increase
in oxidation peak current of the phenoxide anions is compatible with a reversible
nature of the chemical steps following the cathodic electron transfer events that

lead to the generation of Salophen?-.
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Figure 52. Left: CV under N2 atmosphere of 1 mM Salophen in ACN with 0.1 M
tetraethylammonium tetrafluoroborate at varying scan rates (0.050 Vs, black trace;
0.100 Vs, red trace; 10.00 Vs, blue trace). Right: CV traces under N2 of 1 mM
Salophen in ACN with 0.1 M tetraethylammonium tetrafluoroborate before (pale red
coloured trace) and after (deep red coloured trace) neutralization with 2 equivalents of
‘BuONa. Scan rate: 0.1 Vs,
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Upon analyzing the electrochemical response of Salophen under CO:2
atmosphere (Figure 53), an irreversible peak is observed at —1.94 V vs Fc*/Fc,
anodically shifted by 40 mV with respect to the first reduction peak observed for
N2-purged solutions, with 1.6 times increase in peak current. Such observation is
consistent with COz2 binding by the basic and nucleophilic reduced C=N bonds of
Salophen. A more detailed insight on the reaction may be gathered based on the
increase in the oxidation peaks of the phenoxide anion under CO2 atmosphere.
Indeed, such redox features are barely appreciable at 0.1 Vs~ in the absence of
carbon dioxide. Their more pronounced nature in the presence of CO2 may be
indicative of a faster, likely intramolecular proton transfer step from the phenol
groups, occurring in the reduced form of Salophen after CO2 binding. At this stage,
we thus propose that the Schiff base ligand may undergo electrochemically
induced carboxylation, but no electrosynthetic experiment has been devised to
characterize the products of such reaction. It may be of interest to investigate the
electrochemical carboxylation of Salen-type Schiff bases to target chiral a,a'-
diamino acids. Indeed, ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid),
Scheme 9, potentially obtainable from carboxylation of Salen, is a commercially

employed chelator for iron, with widespread agrochemical applications.
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Figure 53. CV traces of 1 mM Salophen in acetonitrile with 0.1 M tetraethylammonium
tetrafluoroborate under N2 (red trace) and CO: (blue trace) atmosphere. Scan rate: 0.1
Vs,
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Scheme 9. Chemical structures of ethylenediamine-N,N'-bis(2-hydroxyphenylacetic

acid) (left) and phenylenediamine-N,N'-bis(2-hydroxyphenylacetic acid) (right).

As previously reported, the redox activity of the ligand occurs at potentials very
close to those required for the generation of low-valent intermediates in
Fe(Salophen) complexes. However, the metal-based reactivity towards CO:2
catalytic reduction is unequivocally distinguished from the reactivity of the ligand
alone. Indeed, Fe complexes display unique voltammetric features and their
electrochemical reduction leads to competent Fe—CO species from which
evolution of the CO product is obtained. Therefore, iron Salophen complexes are
confirmed to productively direct the redox activity of the ligand to unlock the redox
chemistry of low-valent metal-centered intermediates competent to the higher

reactivity involved in COz2 reduction.
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2.10 Higher nuclearity compounds as products of ligand-based

electrochemistry

Since the first works by Floriani and co-workers, the variegate chemistry of
transition metal Salophen complexes undergoing reductive transformations has
been explored.'69.172.184-189 |ndeed, over the last decades, it has been proven that
Mn, Ni, Co and Fe Salophen derivatives can react with stoichiometric chemical
reductants to form polynuclear complexes. Such reactions involve ligand-based
reductions by the chemical reductant, followed by radical-radical coupling to yield
mononuclear subunits connected by the newly formed C—C bonds between
reduced Salophen ligands (Figure 54 reports an example based on a

Co(Salophen) analogue).

Q C?%Q
Q=D cg %3

Figure 54. Polynuclear structures assembled upon C=N reduction by Na metal and
subsequent radical-radical coupling in Co(Salophen) analogues. Figure reproduced with

permission from '8, Copyright 2017 American Chemical Society.

Formation of the polynuclear species strongly relies on the nature of the reductant:
the employed chemical species is indeed metallic sodium, which acts as a
stepwise one-electron donor, contextually generating hard Lewis acid cations.

These latter serve the function of templating agents by interacting with the
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phenoxide moieties during the assembly of the polynuclear structure. The nature
of the Lewis acid cation impacts on the overall process, alkali cations with smaller
ionic radii (Na*, Li*) being able to guide the assembly of the polynuclear
complexes better than larger cations (K*). The synthetic outcome of these
reactions strongly depends also on the choice of solvent, several structures being
further accessible and mutually interconvertible by changing the reaction medium.
As a last remark, formation of polynuclear complexes upon bielectronic reduction
is a peculiarity of complexes bearing Salophen and its closely related analogues
constructed from 1,2-phenylenediamine. Such specific reactivity is in fact not
shared with Salen or other Schiff bases deriving from aliphatic diamines. The
literature justification is based on the planar nature of Salophen and of its
complexes, that facilitates the approach between mononuclear units in the
coupling steps leading to higher structure assembly. Indeed, analogous
complexes bearing the non-planar Salen ligand do not undergo a similar reduction

pathway.

These considerations highlight the need of great care when considering the redox
chemistry of low-valent metal complexes bearing the Salophen ligand. Indeed,
polynuclear compounds generated by chemical reduction can display metal-
centered reactivity towards nucleophiles such as alkyl iodides or COz2.Trinuclear
cobalt and iron Salophen complexes have been reported as reductants towards
the bielectronic transformation of COz2 into CO and COs?~. Interestingly, exploiting
the reactivity of these complexes results in overall disruption of their polynuclear
structure, eventually affording the mononuclear starting M(Salophen) units. The
authors generally interpreted these results as an ability of these compounds to
exploit the reductively coupled C-C bonds as electron reservoirs and shuttles,
able to store electrons and direct them towards the transition metal ions when

required for metal-centered redox chemistry.

When comparing the outcome of chemical vs electrochemical reduction of a
specific molecule, the intrinsically different nature of the reductant can play a key

role on the obtainable products. In the case of a solid, chemically inert electrode,
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electron transfer thermodynamics and kinetics are finely dictated by the potential
at which the former is poised. Chemical reductants, on the other hand, possess a
definite reducing power, formalized by their standard potential, that may not be
easily varied. When considering a chemical reductant, its stoichiometry is instead
the most easily controllable experimental parameter. Furthermore, reductants in
homogeneous phase (e.g., cobaltocene) act via reaction steps that differ from the
interfacial mechanism between a substrate and an electrode. Alkali metals,
despite their heterogeneous nature with respect to the M(Salophen) complexes
present in solution, act as sacrificial reductants, releasing non-innocent cations
directly involved in the polynuclear structure assembly. Therefore, formation of
metal clusters starting from M(Salophen) may result in a different outcome which
may be completely suppressed when considering the electrochemical regime.
Specifically, ligand-based dimerization involving reduced forms of the complexes
in the vicinity of the electrode surface might be the prevailing reaction when
unaided by alkali ions, instead of the formation of higher aggregates. A powerful
example is the case of Co(Salophen), which can be reduced by Li or Na to form
di- or trinuclear complexes. When studied at an electrode surface in the presence
of Li* cations, the mononuclear nature of the Co' complex is instead retained, as

reported by Isse et al.'?3

In 2020, Mazzanti and co-workers reported the formation of tri- and hexanuclear
high-spin aggregates upon reduction of Fe'(Salophen) with Na metal,
[NasFes(tris-cyclo-salophen)(py)s] and [Na1zFes(tris-cyclosalophen)z(THF)14],
represented in Figure 55.172 Their structure is based on a formally macrocyclic
ligand generated by reductive coupling of three Salophen units, tris-
cyclosalophen. In each trinuclear subunit, two Fe sites display a N3Oz
coordination motif, while the third has a N20 primary coordination sphere, the
phenoxide groups also interacting with Na* ions. These complexes are able to
induce the CO2-to-CO conversion as stoichiometric reductants, regenerating the
starting Fe''(Salophen) mononuclear units.
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Figure 55. Top: synthesis of [NasFes(tris-cyclo-salophen)(py)e] and [Na12Fes(tris-
cyclosalophen)z(THF)14] by Fe'(Salophen) reduction with Na metal. Bottom: proposed
stoichiometric CO- reduction reaction to CO and carbonate by [NasFes(tris-cyclo-
salophen)(py)s] in pyridine (py). Figures reproduced with permission from "2, Copyright
2020 American Chemical Society.

The synthesis of the polynuclear aggregates requires the use of 2 equivalents of
sodium metal per Fe'(Salophen) unit, resulting in a twofold reduction of the
starting mononuclear complex. Considering the voltammetric behaviour of
Fe(Salophen)CI, this would correspond to reducing the complex beyond the third
one-electron wave. CO2 binding and activation at the Fe site is instead observed

at the level of the second cathodic process (Fe" — Fe'). To probe the possible
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formation of C—C bonded aggregates, cyclic voltammograms were recorded on
Fe(Salophen)CI solutions in the presence of NaClO4 as a source of Na* ions.
These latter are introduced under the assumption that their presence in the
reaction-diffusion layer might assist the assembly of polynuclear species, in
combination with the Faradaic processes induced by the electrode. The
electrode/Na* system is therefore intended as a mimic of sodium metal as

chemical reductant.

A due comparison with the electrocatalytic behaviour of Fe(Salophen)Cl is herein
proposed. Indeed, experimental evidence of mononuclear intermediates has been
provided through SEC-IR, cyclic voltammetry and kinetic investigation of the role
of the proton donor in the catalytic mechanism. Furthermore, CO evolution
observed in optimized conditions is consistent with a steady catalytic reaction

rather than a stoichiometric process.

Under these premises, controlled addition of Na* in the form of aliquots of a 1 M
NaClO4 solution in acetonitrile to a N2-purged 1 mM solution of Fe(Salophen)CI
was performed, registering two cyclic voltammograms after each addition. When
Na* is added in a 1:1 stoichiometric ratio with respect to Fe(Salophen)Cl, the Fe'!
— Fel' (A) and Fe'' — Fe! (B) waves are mostly unaffected, the latter undergoing
a negligible Ep anodic shift by 10 mV (the peak labelling is the one adopted in
Figure 32). The major change in the voltammetric response is however observed
at the level of the third reduction peak (C), which cathodically shifts to —2.38 V vs
Fc*/Fc. Upon increasing [Na*] to reach a 2:1 ratio with respect to Fe(Salophen)Cl,
the nominal stoichiometry required for the synthesis of the clusters, the wave
becomes irreversible and its cathodic current increases. At 3:1 Na : Fe ratio, the
wave turns into a multi-electron, composite irreversible peak. Furthermore, the

Fe' — Fe'l' anodic peak is progressively abated as [Na*] increases.
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Figure 56. Left: CV traces under N2 atmosphere of 1 mM Fe(Salophen)Cl in ACN in the
presence of 0.1 M tetraethylammonium tetrafluoroborate and in the absence (black
trace) and with increasing [NaClO.]: 1 mM (magenta trace), 2 mM (red trace), 3 mM

(blue trace). Sodium perchlorate was added in the form of a 1.0 M solution of the salt in

acetonitrile. Right: CV traces under N2 atmosphere of 1 mM Fe(Salophen)Cl in ACN in

the presence of 0.1 M tetraethylammonium tetrafluoroborate and in the presence of 3

mM NaClOQ,, with increasing potential window. Scan rate: 0.1 Vs™'.

When the concentration of Na* is further increased to reach a Na* : Fe 12:1 ratio,
the Fe'' — Fe' and Fe'" — Fe' peaks remain unaltered. However, the current
associated with peak C further increases, while the wave undergoes curve
crossing on the reverse scan. Such observation points to the generation of a
species oxidized at more positive potentials than those required for its generation.
Curve crossing is often associated with evolution of a solution species to a
molecular or nanoparticulate deposit on the electrode surface, as clearly detailed
by Dempsey and co-workers.’° The modification of the electrode surface is
supported by running a second scan without polishing the working electrode:
indeed, the voltammetric profile shows a clearly different behaviour from the first
cyclic voltammogram. Incidentally, the anodic peak associated with the
restoration of the starting Fe!' complex is completely abated on the anodic scan
when Na* : Fe > 6:1. These findings suggest that, in the presence of sodium
cations, a ligand-based process is triggered leading to new species deposited on

the electrode surface.
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The analysis of the voltammetric response in the anodic scan as [Na*] is increased
also provides useful insights (Figure 57). Indeed, as the cathodic scan
encompasses waves B and C in the presence of sodium ions, anodic irreversible
peaks are observed at —1.72 V vs Fc*/Fc and —1.03 V vs Fc*/Fc (this latter being
constituted by two coalescing peaks). The peak current of these new systems of
signals increases with [Na*]. Furthermore, their shape varies in between scans

when an unpolished electrode is tested.
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Figure 57. Left: CV traces under N2 of 1 mM Fe(Salophen)CI in acetonitrile in the

presence of 0.1 M tetraethylammonium tetrafluoroborate and 12 mM NaClO4 with a
pristine (deep red trace) and an unpolished (pale red trace) glassy carbon working
electrode. Right: CV traces of 1 mM Fe(Salophen)CI and increasing [NaClO4], with

focus on the anodic scan.

A preliminary attribution of these newly formed waves involves deposition of redox
active species on the electrode surface occurring in the presence of Na* under
cathodic conditions. While a deeper investigation would be required to ascertain
the nature of these experimental observations, the influence of alkali cations on
the reduction chemistry of Fe(Salophen)Cl is clearly appreciated. This leads to
hypothesize that, in the presence of Lewis acid coadjutants, ligand-ligand
reductive coupling might occur within the electrode interphase, leading to
formation of adsorbed species. To study the nature of these latter, the electrode
surface should be analyzed by means of microscopy, provided that the adsorption
strength is sufficient to grant post-electrolysis recovery. Under this assumption,

the anodic feature D observed in the absence of Na* at E, = -1.53 V vs Fc*/Fc
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(see Figure 32) may be attributed as well to oxidation of species generated by
reductive coupling. Ligand-ligand coupling should therefore be occurring at the
level of the third redox couple of Fe(Salophen), albeit at a low degree when
unaided by Na*. A consequence of this attribution is that the redox couple C is a
ligand-based process that leads to pairing of Fe(Salophen) units, which benefits
from the assistance of Lewis acid cations. To ascertain the nature of the
transformation and compare it with the chemical reduction process, the
electrochemical analysis of authentic samples of [Na12Fes(tris-
cyclosalophen)2(THF)14] or [NasFes(tris-cyclo-salophen)(py)s] should be

performed.

In this scenario, it is possible to propose that multi-electron processes leading to
oligo- or polymerization of Fe(Salophen) pertain to the domain of ligand reductive
chemistry, distinct from the mononuclear, metal-based reactivity involved in

electrocatalytic COz2 reduction (Scheme 10).
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Scheme 10. Alleged ligand-based electrochemical processes parallel to the metal-

centered reactivity towards CO..
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2.11 Experimental section

2.11.1 Materials and methods

NMR spectra were recorded on a Bruker Avance-300 MHz instrument. "H-NMR
spectra were registered in CDClIs and referenced to its residual isotopic impurity
(6 = 7.26 ppm). CDCIs was treated by passing it through basic aluminium oxide
prior to preparing the samples. NMR spectra were processed using MestReNova
12.0.2. ESI-MS spectra were acquired with an Agilent Technology LC/MSD Trap
SL, interfaced to an Agilent 1100 binary pump. All mass spectra were registered
upon flow injection of samples diluted in methanol or acetonitrile. The eluent
phase was chosen as pure HPLC-grade methanol. FT-IR spectra were recorded
with a Jasco 4000 spectrophotometer. Samples were embedded in glassy
potassium bromide pellets (circa 1% wi/w), prepared with a dedicated manual
hydraulic press. Electronic absorption spectra were recorded with a Perkin EImer
Lambda 45 spectrophotometer. A 1 mm optical path quartz cuvette was used in

all measurements.

2.11.2 Electrochemical setup

2.11.2.1 Cyclic voltammetry (CV)

CV experiments were performed with a BASi EC Epsilon potentiostat-galvanostat.
Working electrode (WE): glassy carbon, 3 mm @ (BASi or BioLogic).

Auxiliary electrode (also indicated as counter electrode, CE): gold, 1.6 mm @
(BASI).

Reference electrode (RE): Ag/AgCl (3 M NaCl) (BASI). All measurements were
referenced against the ferricenium/ferrocene (Fc*/Fc) redox couple by adding

ferrocene as internal standard.
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To minimize Ohmic drop, the internal resistance was compensated by means of
the positive feedback loop of the electrochemical workstation (to an extent of 85
—95%).

HPLC-grade solvents (Carlo Erba) and electroanalytical-grade electrolytes
(Sigma) were used without further purification. Ultrapure (mQ) water was
employed. The glass electrochemical cell was kept closed during measurements
with a PTFE lid annexed to the potentiostat-galvanostat. Inert gas (N2) or CO2
were introduced into the cell by means of a PTFE pipe, equipped with a needle.
A gas trap filled with CH3CN was interposed before the cell, to avoid evaporation

of the solution in the latter.

The glassy carbon electrodes were polished with SiC paper (Struers) 2000 grit,
then 4000 grit (in sequence), then with 3 ym, 1 ym, 0.25 ym diamond paste (DP
Paste, Struers) on DP Dur (for 3 ym and 1 um pastes) and DP Nap (for 0.25 pm
paste) pads (Struers).

In between polishing steps, the electrodes were sonicated for 60 s in ethanol, then
rinsed with methanol and dried with a N2 stream. Once prepared, the electrodes
were used for the experiments. In between each CV measurement and at the end
of the experimental sessions, the electrodes were polished with 1 um DP Paste,

sonicated in ethanol for 60 s, rinsed with methanol and dried with No2.

After each series of CV experiments, the electrochemical cell was carefully rinsed
with ethanol, acetone, and deionized water; afterwards, the cell and the magnetic
stirrer were sonicated for 5-10 min with a HCI 0.1 M/ethanol/acetone 1:1:1 (v/v)
mixture. The cell and the stirrer were then rinsed again with deionized water,
ethanol, and acetone and dried in an oven. The cell was kept protected from dust
by covering it with aluminium foil. The described cleaning procedure was modified
by adding a preliminary washing step when working with phenol: the WE, the
stirrer, and the cell were rinsed and sonicated for 5 minutes in an aqueous 0.1 M
NaOH solution.
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2.11.2.2 Constant potential electrolysis (CPE)

CPE experiments were performed by means of an AMEL 7050 potentiostat-
galvanostat. The solutions were electrolyzed in a 6-neck-2-compartment custom
made cell with known inner volume, realized by Mauro Meneghetti (glassblower
in the Department of Chemical Sciences of the University of Padova). The two

compartments were separated by a porous glass frit.

Working electrode: glassy carbon stick (SIGRADUR, HTW) or glassy carbon
plate.

Reference electrode: Ag/AgCl (3 M NaCl) (BASI).
Auxiliary electrode: platinum wire.

Connection between the WE and the potentiostat-galvanostat was constituted
either by an electrolytic copper wire carefully wrapped at the top of the electrode
or by a copper tape. The cell was tightly closed with rubber septa (gas inlet/outlet
necks) or with rubber seals in which the electrodes were inserted. A CO2-
saturated environment was generated by bubbling CO2 separately into the two
compartments, the gas reservoir being connected to a Y junction with two
stopcocks. Syringe needles piercing the rubber septa allowed gas inlet and outlet.
Experiments were run under stirring of both compartment solutions, after

removing all needles from the cell.

The same cleaning procedures described above were adopted for the CPE-
dedicated cell and for the glassy carbon stick. During CPE experiments in the
presence of phenol, the CE became covered in a dark carbonaceous material
resulting from phenol oxidation in the anodic compartment. Cleaning of the wire
was achieved by sonicating in acetone for 15 minutes and successively rinsing
with the same solvent. Gaseous product analysis was performed by
gaschromatography (GC) with a thermoconductimetric detector (TCD) and a
mass spectrometer (MS). Solution species were analyzed by ionic

chromatography (IC) and "3C-NMR spectrometry.
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2.11.2.3 Infrared spectroelectrochemistry (SEC-IR)

IR-SEC experiments were performed by employing a Thermo Nicolet Nexus FT-
IR spectrophotometer, equipped with a LabOmak UF-SEC cell. A schematic view
of the cell is provided in Figure 58. The three-electrode system was enclosed
between two calcium fluoride optical windows, held together by four quick-nuts,
between which a 0.2 mm thick compartment could be filled with the solution to be

analysed. The electrodes used were:

Working electrode (WE): platinum gauze.

Reference electrode (RE): silver wire (acting as pseudoreference).
Auxiliary electrode (CE): platinum gauze.

Irradiation occurred through the solution in the cell where the working electrode
was placed, in order to register spectral changes induced by application of the
potential at the WE. Preliminary CV analysis allowed to set the appropriate
potential for CPE experiments. During the electrolysis, multiple infrared spectra
were recorded. Solutions were prepared using 0.1 M tetraethylammonium
tetrafluoroborate as the supporting electrolyte and acetonitrile as the solvent. All
solutions were degassed with CO2 for 15 minutes before running the IR-SEC

experiments and kept in a sealed container under CO2 atmosphere.
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Figure 58. Schematic view of the SEC-IR cell. Left: side view; right: front view, with

explicit indication of the three electrodes.

2.11.2.4 UVIVis spectroelectrochemistry (SEC-UV/Vis)

SEC-UV/Vis experiments were performed by employing an Agilent Cary 5000
spectrophotometer, equipped with a 0.5 mm optical path quartz
spectroelectrochemistry cell (BASi EF-1362). A schematic view of the cell is

provided in Figure 59.

The electrodes used were:

Working electrode: platinum gauze.

Reference electrode: Ag/AgCl (3 M NaCl) (BASi).
Auxiliary electrode: platinum wire.

The reference and auxiliary electrodes were kept in the space above the thin layer
of solution in which the working electrode was held. Irradiation occurred through
the 0.5 mm optical window containing the working electrode.

Spectroelectrochemistry experiments were performed as described above for IR-
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SEC. Solutions were prepared using 0.1 M tetraethylammonium tetrafluoroborate
as the supporting electrolyte and acetonitrile as the solvent. All solutions were
deoxygenated by sparging the solution in the cell with N2 or COz2 for 40 seconds

prior to performing the experiments.

Potentiostat
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Figure 59. Schematic view of the UV/Vis-SEC cell.

2.11.3 Electron Paramagnetic Resonance (EPR) spectroscopy

EPR spectra were obtained by Dr. Antonio Barbon (University of Padova) with a
Bruker ELEXSYS instrument operating at X-band, equipped with a dielectric
cavity inserted inside a CF935 cryostat (Oxford). Temperature was stabilized at
80 K with a thermostated cold nitrogen flow. The solutions were transferred in the
tubes from the electrolysis cell via cannulation with N2 or CO2 gases, and

immediately frozen under liquid nitrogen.
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2.11.4 Synthetic procedures

2.11.4.1 Synthetic procedure of Salophen ligand

o-phenylenediamine (1.08 g, 10.0 mmol) was suspended in 25 mL ethanol in a
round-bottom flask. Subsequently, salicylaldehyde (2.10 mL, 19.7 mmol) was
added to the reaction mixture. The liquid phase immediately exhibited a yellow
colour. The reaction mixture was stirred under reflux for 3 hours. After the
indicated time, an orange solid was observed, that settled from the pale-yellow
supernatant. The solid was recovered by filtration and washed carefully with mQ
water (x 3), cold ethanol (x 3), and diethyl ether (x 5). The orange solid was then

dried under a vacuum and weighted (2.88 g, 9.1 mmol, yield = 90%).

H-NMR (300 MHz CDCl3): & 13.03 (s, 1H), & 8.64 (s, 1H), 8 7.41-7.20 (m, 4H), &
7.09-6.86 (m, 2H)

FT-IR (KBr, cm~): 3055(w, br), 1618 (s), 1562 (m), 1481 (m), 1402 (w), 1362 (w),
1276 (s), 1192 (s), 1150 (m), 1045 (w), 910 (s), 830 (w), 640 (w), 581 (w), 529
(w).

ESI-MS: 317 m/z, [MH]".

Elemental analysis: Calculated for C20H16N202 C: 75.93% H: 5.10% N: 8.86%
Found C: 75.63% H: 4.98% N: 8.85%.
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Figure 60. ESI-MS spectrum of 10° M Salophen in methanol.

135



2.11.4.2 Synthetic procedures of Fe(Salophen)CI
Synthetic procedure with triethylamine

The synthesis of Fe(Salophen)Cl was performed through a slight modification of
the literature procedure. Salophen ligand (111 mg, 0.35 mmol, 1 eq) was
dissolved under stirring in 10 mL of CH2Cl2 at room temperature in a round-bottom
flask. Iron(lll) chloride hexahydrate (97 mg, 0.36 mmol, 1.03 eq) was
subsequently added to the mixture. The bright yellow suspension immediately
turned dark brown, no solid being visible to the bare eye. The reaction mixture
was left under stirring for 1 hour. Triethylamine (98 pL, 0.702 mmol, 2 eq) was
dissolved in 2 mL of CH2Cl2 and then slowly added to the reaction mixture. Upon
addition of triethylamine, the mixture turned dark reddish-brown. After 2 hours,
the solution was extracted with mQ water (x 3) to remove triethylammonium
chloride and iron chloride excess. The organic phase was then recovered and
dried. Upon slow evaporation of the solvent, a dark brown powder was obtained,
that was washed with cold methanol (x 3) and dried. Weighed 92 mg, 0.23 mmol
(vield 65%).

ESI-MS: 370 m/z [Fe(Salophen)]* (loss of CI).

FT-IR (KBr, cm™): 1635 (m), 1605 (m), 1577 (m), 1535 (m), 1462 (w), 1436 (w),
1378 (m), 1316 (w), 1257 (m), 1234 (w), 1198 (w), 1147 (w), 1127 (w), 923 (w),
873 (w), 860 (w), 813 (W), 759 (w), 741 (w), 615 (w), 536 (w).

Elemental analysis: calculated for C22H22N204CIFe C: 56.25% H: 4.72% N:
5.96%. Found C: 56.40% H: 3.40% N: 5.90%. The proposed formula corresponds
to Fe(Salophen)CI-2CH30H.
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Synthetic procedure involving potassium tert-butoxide

Salophen ligand (419 mg, 1.32 mmol, 1 eq) was suspended in 50 mL of methanol.
'BuOK (297 mg, 2.64 mmol, 2 eq) was then added under stirring. After 10 minutes,
the reaction mixture became a clear orange solution. FeCls-:6H20 (535 mg, 1.98
mmol, 1.5 eq) dissolved in 5 mL of CH3OH was added dropwise to the reaction
mixture under stirring. The deep green mixture was heated at reflux under stirring
for 3 h. After the specified time, the reaction mixture was brought to dryness with
the aid of a rotary evaporator and the residues were treated with 30 mL of CH2Clz.
The brown solution obtained was filtered over paper to remove insoluble salts,
and then dried with a gentle stream of N2 to afford Fe(Salophen)Cl as a

microcrystalline dark brown powder (450 mg, 1.11 mmol, yield 84%).
ESI-MS: 370 m/z [Fe(Salophen)]* (loss of CI).

Elemental analysis: calculated for C20H14N202CIFe C: 59.22% H: 3.48% N:
6.91%. Found 58.96% H: 3.54% N 6.43%.

Synthetic procedure of Fez(Salophen)z(u—-0)

Salophen ligand (40 mg, 0.13 mmol, 1 eq) was suspended under stirring in 10 mL
of ethanol at room temperature. Iron(lll) nitrate nonahydrate (57 mg, 0.14 mmol,
1.1 eq) was subsequently added to the mixture, together with further 5 mL of
solvent. The bright yellow suspension immediately turned dark green. No solid
was visible to the bare eye. The solution was heated at 50°C, and upon addition
of triethylamine (35 uL, 0.25 mmol 2 eq), the mixture turned dark brown. In the
first 30 seconds after the addition, precipitation of a red solid was observed.
Heating up to 60 °C and stirring was applied for an additional 1 h. Afterwards,
stirring and heating were stopped. The solid product settled, leaving a supernatant
brown solution. The product was isolated by centrifugation and washed with
ethanol (x 3). Weighed 66 mg, 0.09 mmol (yield = 56%).
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Elemental analysis: Calculated for C40H32N4O7Fe2 C: 60.63% H: 4.07% N: 7.07%
Found C: 60.63% H: 4.07% N: 7.07%. The proposed formula corresponds to
Fez(Salophen)2(u—0)-2H20.

FT-IR (KBr, cm™'): 1635 (m), 1609 (m), 1580 (m), 1536 (m), 1462 (w), 1445 (w),
1437 (m), 1379 (w), 1343 (w), 1320 (w), 1190 (w), 1148 (w), 1124 (w), 1031 (w),
920 (w), 872 (w), 855 (w), 819 (w), 809 (w), 755 (w), 607 (w), 535 (w).

ESI-MS: 370 m/z ([Fe(Salophen)]*), 757 m/z [Fez2(Salophen)z(u—OH)]J*.
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Appendix 2

Appendix 2.1 - Fez(Salophen)2(u—O) characterization in

dichloromethane

The electrochemistry of dinuclear Fez(Salophen)2(u—O) was further examined in
CH2Cl2 using 0.1 M tetrabutylammonium hexafluorophosphate as supporting
electrolyte (the change of quaternary ammonium salt was imposed by the lower
solubility of tetraethylammonium tetrafluoroborate in dichloromethane). The first
reduction of the complex occurs in a quasi-reversible fashion at E12=-1.47 V vs
Fc*/Fc (AE = 86 mV), indicated as peak A in Figure 61.

Interestingly, the reversibility of the redox couple is higher than in acetonitrile, the
anodic feature being more well-defined. Such observation is suggestive of a
higher degree of stability of the oxo bridge, further corroborated by the absence
of anodic features associated with Fe' — Fe'' conversion in mononuclear
complexes. Close to the first oxidation feature observed in the return scan (peak
B), a couple of anodic irreversible peaks is observed, at — 1.21 V vs Fc*/Fc and —
1.12 V vs Fc*/Fc, respectively indicated as peaks C+1 and C2. Upon increasing the
scan rate, peaks C1 and C2 merge into a single anodic feature at — 1.40 V vs
Fc*/Fc.

Generation of the Fe' complex is instead detected as an irreversible cathodic peak
at—2.00 V vs Fc*/Fc, peak D. Comparison of the peak heights of peaks A and D
suggests that the voltammetric peaks observed when reducing
Fez(Salophen)2(u—O) in dichloromethane are two-electron features. A stepwise
reduction of the two Fe'' centers in Fez2(Salophen)2(u—0) is reasonably expected,
albeit no distinct voltammetric waves being observable. The better-defined
reversibility of the A/B peak couple and the attribution to two-electron reduction
processes would therefore be indicative of a higher chemical stability of the
reduced complex in dichloromethane towards oxo bridge dissociation. In the

frame of this hypothesis, peaks B and C1,2 may be attributed to the slower
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stepwise reduction of the iron centers in the bridge, giving rise to a multiple set of

peaks as opposed to the single Fe''-to-Fe!' wave observed on the forward scan.
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Figure 61. CV traces of 0.5 mM Fex(Salophen),(u—0O) under N in dichloromethane in
the presence of 0.1 M tetrabutylammonium hexafluorophosphate. Left: trace recorded
at 0.1 Vs™, highlighting the Fe'"/Fe' and Fe'/Fe' redox couples; right: traces recorded at

variable scan rates, focusing on the Fe'"/Fe' couple.

Appendix 2.2 — Binding of phenol to Fe(Salophen)CI and
Fez(Salophen)z(u-0)

In the presence of increasing concentration of phenol, the E12 of the Fe'!'/Fe'
couple progressively shifts to less negative values (E12 values in the range
between —0.66 V and —0.51 V vs Fc*/Fc, Figure 62), indicative of a preferential
binding of phenol to the Fe'!' center. The anodic potential shift can indeed be fitted

according to Eq. 34:

EfP" = EP), + RT/nF - In{1 + B,[PhOH]?} (Eq. 34)

Where EP"OHy; is the half-wave potential of the Fe''/Fe' couple in the presence of
PhOH, E® 2 the one observed in the absence of PhOH, and B2 is the formation
constant of Fe'' salophen adduct with two phenol moieties (n = 1 in the Fe''/Fe

couple); fitting of the traces provides B2 =170 + 11 M.
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The parabolic fit in Figure 62 (right) exploits the parabolic form of Equations 35a
and 35b:

EPROH = EY, + 22 In{1 + B,[PhOH]?) (Eq. 353)

exp [(%) (EPIH — E9),)| = 1+ B,[PhOHT? (Eq. 35b)

10 Equation ¥ = Intercept + B151 + B2'w2
600 o weight Mo Weighting

Residual Sum 369.40536
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Figure 62. Left: CV traces under N2 of 0.8 mM Fe(Salophen)Cl in ACN in the presence

of 0.1 M tetraethylammonium tetrafluoroborate with different concentrations of phenol.

Right: plot of Eq. 35b as a function of [PhOH], with the proposed parabolic fit.

The anodic shift observed is attributed to a binding event that might in turn be
ascribed to coordination of two molecules of phenol to the iron center and
protonation of a Salophen phenoxide moiety. As a further remark, the separation
between the cathodic and anodic peaks (AEp) increases with increasing [PhOH],
from 95 mV (0.1 M PhOH) to 120 mV (2 M PhOH). This observation and the
comparison between the shape of the cathodic and anodic traces of the Fe''/Fe'
couple when [PhOH] = 2 M suggests partial dissociation of the chloro ligand upon
the first reduction event. These observations pertain to a more complicated
scenario involving multiple ligand-exchange equilibria. Based on previous
observations by Nichols et al.'%', we considered also the possible intervention of

protonation equilibria of the complex upon its reduction in the presence of PhOH,
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i.e. PCET events contributing as well to the observed effect of chemical reactions

on the electrochemical behaviour of the target molecule.

A similar behaviour is displayed by Fe2(Salophen)z2(u—O) when studied in the
presence of a high concentration of phenol. However, in this latter case, phenol
has a twofold role: first, it acts as a Bronsted acid towards the starting dinuclear
Fe'' complex, inducing protolysis of the p-oxo bridge and generating two
mononuclear iron units (indeed, when the lowest 0.1 M phenol concentration is
used, an irreversible cathodic peak at —1.13 V vs Fc*/Fc is still observed, that is
attributed to residual [Fez(Salophen)2(u—OH)]*). Second, phenol binds to the
complex and causes the progressive anodic shift of the Fe'/Fe' E1/2 value (Figure
63)

In order to quantitively describe the binding events competing to the mononuclear
complex Fe(Salophen)* the knowledge of the E1/2 value for the Fe''/Fe'' couple in
the absence of phenol would be required. However, the Fe''/Fe! wave for the
mononuclear complex is observed only upon protolysis of a different starting
species, Fez(Salophen)2(u—0), and therefore the Bregnsted acid is required in
solution as well. This implies that protolysis of the py-oxo bridge by phenol may not
be conceptually disjointed from the binding process, the system not being suited
for description with a single equation. Although further investigation of the matter
was felt to be beyond the purpose of the present work, an attempt to relate the
shift of the E1/2 for the Fe''/Fe!' couple for Fe(Salophen)* was made by means of
Eq. 36:

exp [(1%) Egp,,] = (1 + B,[PhOH]?) - exp [(;—T> E%] (Eq. 36)

The fitting outcome (Figure 63) reveals a similar trend as that discussed for
Fe(Salophen)CI, suggestive of binding of two molecules of phenol to the iron

complex.
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Figure 63. Left: CV traces under N, atmosphere of 0.4 mM Fez(Salophen)z(u—0) in
ACN in the presence of 0.1 M tetraethylammonium tetrafluoroborate with different
concentrations of phenol. Right: plot of Eq. 36 as a function of [PhOH], with the

proposed parabolic fit.

Appendix 2.3 — Competitive binding of chloride and phenol

As discussed previously, dissociation of chloride is promoted by reduction from
Fe' to Fe'l, with the simultaneous binding of PhOH. This is corroborated by the
electrochemical behaviour of the Fe(Salophen)Cl complex when
tetrabutylammonium chloride is used as both the supporting electrolyte and a
chloride ion source, in the presence of 2 M PhOH (Figure 64). A cathodic shift of
the E12 value is indeed observed (from —-0.51 V vs Fc*/Fc to -0.63 V vs Fc*/Fc),
coherent with the effect of coordination, the chloride binding event being more
favourable for Fe!' than Fe'. Furthermore, the AE, is notably diminished upon
introduction of excess chloride to the value of 73 mV, approaching
electrochemical reversibility. This is attributed to an overall inhibited chloride

dissociation process.
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Figure 64. Left: CV traces under N2 atmosphere of 0.8 mM Fe(Salophen)Cl in the
presence of 0.1 M tetraethylammonium tetrafluoroborate in the absence (wine trace)
and in the presence (navy trace) of 2 M PhOH. Right: cyclic voltammetry traces under
N2 of 0.4 mM Fe,(Salophen),(u—0) in the presence of 2 M PhOH and increasing
[TBACI].

An analogous approach may be followed for Fe(Salophen)* generated by
protolysis of Fez(Salophen)z(u—0) in 2 M PhOH. The effect of an external source
of chloride anion on the electrochemical behaviour of the mononuclear species
can thus be studied. Upon increasing [TBACI], the E12 anodically shifts from an
initial value of —0.70 V vs Fc*/Fc to —0.63 V vs Fc*/Fc, converging to the same
value obtained for Fe(Salophen)Cl in the presence of [TBACI] = 0.1 M (Figure 64).
The binding of chloride to Fe(Salophen)*™ produces a decreased AEp, from 133
mV when no external chloride is introduced, to a saturation value of 69 mV,
reached when [TBACI] = 0.26 M. These observations lead to hypothesize the
same electrochemical regime is reached in the presence of excess [Cl]
regardless of the starting mononuclear iron complex. The binding event
quantitatively translates into a linear Nernstian plot of the cathodic Fe''/Fe' peak
potential with respect to log([TBACI]), with a slope of +50 mV (Figure 65),
consistent with slow chloride dissociation. However, the same does not hold for
the E1/2 value, its trend being affected by a nearly constant anodic peak potential.
These observations combined suggest the chloride ligand is being subjected to

slow dissociation upon electrochemical reduction.
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Figure 65. Plot of the Fe'"/Fe' cathodic peak potential as a function of the logarithm of
[TBACI], with the proposed linear fit.

Given the discussion developed so far, the difference between the Fe''/Fe!' Eq2
value for the two mononuclear complexes at every value of [PhOH] is ascribed to

the presence of the chloro ligand.

When the potential is scanned to the Fe'! — Fe' reduction wave in the presence
of phenol (vide supra), a new oxidation feature is observed for Fe(Salophen)CI
(Figure 66, blue trace). The peak potential of the new feature (—0.63 V vs Fc*/Fc)
coincides with that of the anodic Fe'"/Fe!' peak observed for the mononuclear unit
deriving from protolysis of Fez(Salophen)2(u—O) (Figure 66, red trace). The
appearance of new anodic features is indeed not observed when considering CV

traces of the protolyzed Fe(Salophen)* (Figure 43).
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Figure 66. CV traces in ACN under N2 atmosphere of 0.8 mM Fe(Salophen)CI (blue
traces), restricted to the Fe''/Fe' couple (full trace) or registered upon scanning to —2.10
V vs Fc*/Fc (dotted trace) in the presence of 2 M PhOH and 0.1 M tetraethylammonium

tetrafluoroborate; CV trace of Fez(Salophen):(u—0O) (0.4 mM) in the presence of 2 M

PhOH, tetraethylammonium tetrafluoroborate (red trace).

It is proposed that irreversible dissociation of the chlorido ligand occurs
substantially when reaching potentials at which irreversible electrochemical
processes occur in the presence of phenol. The system then follows an anodic
pathway involving a mononuclear iron complex lacking chloride in the

coordination sphere of the metal center.

Similar results are indeed obtained in the CV under N2 and CO2 atmosphere, with
the concentration of phenol that impacts on the CI~ displacement, as suggested
by the increase of intensity of the wave at —-0.75 V vs Fc*/Fc when increasing the
amount of phenol.
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Appendix 2.4 — Foot-of-the-wave-analysis

The Foot of the wave analysis (FOWA) approach was followed to extract kinetic
information from the voltammetric trace of 0.8 mM Fe(Salophen)Cl in the
presence of PhOH (0.1 — 0.6 M) as the proton donor. The analysis, described in
detail by Costentin et al. and discussed in Chapter 1, consists in elaborating the
cyclic voltammogram of the catalyst, producing a plot of the normalized current
as a function of the parameter 1 / {1+exp[(F / RT)(E — E%at)]}, where F is the
Faraday constant, E the potential (independent variable in the CV trace) and E%at
the standard potential of the Fe'/Fe' active redox couple of the catalyst, here
approximated to the half-wave potential. In the incipient portion of the function,
corresponding to the foot of the catalytic wave, the influence of side-phenomena
causing the catalytic wave to deviate from a pure kinetic shape are attenuated.
This region can be therefore fitted to a linear function, Eq. 9 applying to its slope,

as reported in Figure 67.

Knowing the concentration of CO:2 in saturated acetonitrile (0.28 M), the kinetic

constant can be calculated and then converted to kcat = k:[CO2].

It should be mentioned that in the present case, the determination of the kcat with
the FOWA is subject to uncertainty, due to the narrow interval of linearity in the
fitting and due to the variation of E12 of the Fe'/Fe' couple under the catalytic

conditions.
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Figure 67. Fitting of Foot-of-the-wave-analysis of CV traces of 0.8 mM Fe(Salophen)CI
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0.6 M.
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3. Fe'! intermediates bearing N20: Schiff base ligands:
study of the effects of ligand electronic properties and

of the proton donor on reactivity with CO:

The present Chapter revolves around the developments based on the findings
described in Chapter 2, explored within the Nano and Molecular Catalysis Group
in the University of Padova. My contribution has been the conceptualization of
the research and its experimental development. Francesco Crisanti and Daniel
Civettini contributed as well to the experimental work as Master’s students, while
Density Functional Theory (DFT) calculations were performed by Prof. Andrea

Sartorel.

3.1 Rationale

The promising results on Fe(Salophen) prompted us to approach the study of Fe
complexes bearing N202 Schiff base ligands to constitute a proper family of CO2
reduction catalysts. The ligands chosen for the synthesis of the complexes
derived from ethylenediamine and (-diketones and/or salicylaldehyde.
Interestingly, previous reports explored the redox chemistry of such complexes
only in the domain of the Fe''/Fe" couple.'”* We demonstrated that a formal Fe'
redox state is also accessible, and explored its reactivity towards carbon dioxide
reduction.  Spectroscopic, electrochemical and spectroelectrochemical
investigation allowed to gain information about the family of catalysts and to
quantitatively correlate the effect of substituents in their ligand structure to the
redox properties. Finally, we evaluated their performance in promoting CO:2
electrochemical reduction, obtaining useful metrics for describing the overall

performance of the Fe N202 Schiff base catalyst family.
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3.2 Synthesis and characterization of the complexes

The ligands investigated were synthesized via imine condensation of 1,2-
diaminoethane with  B-diketones (acetylacetone, benzoylacetone) or
salicylaldehyde, following literature procedures (Scheme 11). Briefly, N,N'-
ethylene-bis(acetylacetoneimine) (Acacen) and N,N'-ethylene-
bis(benzoylacetoneimine) (Beacen) were obtained allowing two equivalents of 3-
diketones to react with 1,2-diaminoethane. A similar protocol was followed in the
reaction of two equivalents of salicylaldehyde with the same diamine to produce
N,N'-bis(salicylaldehyde)-1,2-phenylenediamine  (Salen). Finally, stepwise
condensation of one equivalent of acetylacetone and, subsequently, of
salicylaldehyde, afforded the mixed-structure ligand N,N'-ethylene-
(acetylacetoneimine)(salicylideneimine) (Acacsalen). The identity and purity of
the ligands were confirmed by 'H-NMR, 3C-NMR, elemental analysis and ESI-
MS.
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Scheme 11. Synthesis of the Schiff base ligands involved in the study.

The synthesis of Fe!! derivatives was then approached. The procedure chosen
involved the use of 'BuOK as a strong base to quantitatively deprotonate the
ligands, followed by treatment of the reaction mixture with excess FeCls-6H20.
The complexes, soluble in dichloromethane, could be recovered upon dissolution
and subsequent removal by filtration of the inorganic salts (KCl and excess ferric
chloride). Solvent evaporation afforded Fe(L)Cl complexes in high yield (84-98%),
where L corresponds to the Schiff base ligand. The iron complexes were finally

characterized by means of elemental analysis and ESI-MS to confirm their identity
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and purity. Further details are reported in the Experimental Section to the present

Chapter.

The electrochemical properties of the iron complexes were investigated by cyclic
voltammetry in acetonitrile solutions containing 0.1 M tetraethylammonium
tetrafluoroborate, and are summarized in Table 5; Figure 68 (black traces under
N2) reports the CV traces of Fe(Salen)CIl, Fe(Beacen)Cl, Fe(Acacen)Cl and

Fe(Acacsalen)CI.

Although the redox-active nature of Schiff base ligands is well-established (see
also previous chapter), common electrochemical features encompassing these
coordination compounds are two stepwise monoelectronic reduction processes
attributed to metal-based couples, Fe!'/Fe!' and Fe'//Fe!, in which chloride binding
equilibria are coupled to the electrochemical process driven by the working

electrode potential (with analogy to Scheme 5, drawn for Fe(Salophen)CI).
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Figure 68. CV traces of 1 mM Fe(L)Cl complexes in acetonitrile in the presence of 0.1
M tetraethylammonium tetrafluoroborate under N (black traces) and CO- (coloured
dotted traces) atmospheres. Top left: Fe(Salen)CI; top right: Fe(Beacen)CI; bottom left:
Fe(Acacen)CI; bottom right: Fe(Acacsalen)Cl. Insets represent CV traces restricted to

the Fe''/Fe" couples under N2 atmospheres. Scan rate: 0.1 Vs™.

The electrochemical behaviour of the complexes at the level of their Fe'l/Fe'
couples, first described by Carré et al.'’4, is typical of a quasi-reversible
transformation. Specifically, all Fe!'/Fe!' waves display AE in the range 80 + 100
mV, as summarized in Table 5, coherently with competition between the

coordinating solvent and the chloride anion for the apical coordination site in the

Fe''and Fe' states.

The second cathodic wave, encountered at more negative potentials, displays

quasi-reversible features, depending on the Schiff base ligand coordinated to the
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iron ion. The structural and electronic analogies justifying the group categorization
of the iron complexes herein described are manifest in the accessibility of a
formal, low valent Fe' state (the formation of a Fe' intermediated was corroborated
by electron paramagnetic resonance (EPR) spectroscopy for Fe(Salophen),

coupled to ex and in situ spectroelectrochemistry, as discussed in Chapter 2).

The electronic properties of the Schiff base ligands and their direct influence on
the redox potentials of the Fe''/Fe' and Fe'/' couples have been evaluated on the
basis of the o-donor strength of the N202 ligand; interestingly, in the series of
coordination complexes examined in this work, correlations are observed
between the Fe'/Fe! and Fe'/Fe' reduction potentials and the energy of the
highest occupied molecular orbital of the ligands involved in o-donation (HOMO-
2), as predicted by DFT calculations at the B3LYP/6-311+g(d,p) level of theory:
slopes of —0.40+0.04 and of —0.84+0.11 V/eV are observed for the Fe''/Fe!' and
Fe'l/Fe' couples, respectively (Figure 69). Notably, the almost double slope value
observed for the Fe'/Fe' couples with respect to Fe'/Fe!' ones indicate a higher
impact of the nature of the ligand on the reduction potentials of the former couple.
This could be ascribed to the fact that the Fe''/Fe' transition is expected to be
charge neutral upon loss of the CI- ligand, while the Fe''/Fe' transition is expected

to generate a negative charge at the complex.
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Figure 69. Top: visual representations of the HOMO-2 orbitals of the ligands in their
dianionic forms. Bottom left: plot of the E1/2 of the Fe'/Fe" couples as a function of the
energy of the HOMO-2 orbital of the ligand (o-donating). Bottom right: plot of the E1/, of
the Fe'/Fe' couples as a function of the energy of the HOMO-2 orbital of the ligand (o-

donating).

Characterization of the Fe' intermediates in the series of complexes was further
performed via SEC-UV/Vis. Figure 70 reports the absorption traces of the iron
N202 complexes upon application of the potentials associated to the second
reduction waves (—2.21 and —2.24 V vs Fc*/Fc for Fe(Salen) and Fe(Beacen), and
—2.50 and -2.25 V vs Fc*/Fc for Fe(Acacen) and Fe(Acacsalen), respectively).

Consistent UV/Vis spectral changes were observed, and in particular:

i) bleaching of the initial absorption of the Fe'" species at 464 and 311 nm
for Fe(Salen)Cl, 490 and 270 nm for Fe(Acacen)Cl and 492 and 293
nm for Fe(Beacen)Cl, attributed to ligand-to-metal charge transfer
bands, LMCT;
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ii)

rising of new bands at 344 nm for Fe(Salen), 295 nm for Fe(Acacen)
and 354 nm for Fe(Beacen), respectively, attributed to metal-to-ligand
charge transfer bands (MLCT) proper of the electron rich Fe' state.

In the case Fe(Acacsalen)Cl, bleaching of the band at 475 nm is
contextual with two absorption features rise at 308 and 379 nm,
respectively. These two MLCT components are expected on the basis
of the peculiar character of the asymmetric Acacsalen ligand, bearing
both the acetylacetoneimine and salicylideneimine fragments.
Incidentally, the two absorption maxima observed for Fe!(Acacsalen)
are similar to those observed separately for Fe!(Acacen) (288 nm) and
for Fe'(Salen) (354 nm).
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Figure 70. SEC-UV/Vis traces under N> atmosphere of 1 mM Fe(Salen)CI (top left),
Fe(Beacen)CI (top right), Fe(Acacen)CI (bottom left) and of Fe(Acacsalen)CI (bottom

right) in ACN, at the potentials corresponding to the generation of the formal Fe' state.

The energy of the MLCT band observed for the Fe' intermediates correlates
linearly with the redox potential of the Fe'/Fe' couple; the trend shows that the
more negative the potential of the Fe'/Fe' couple, the higher the energy of the
MLCT band (absorption shifted towards the blue region of the spectrum, Figure
71). Indeed, spectroelectrochemistry provides the experimental basis for the
correlation between redox and spectroscopic features related to the electronic
properties of the ligands, thus allowing for a group categorization of the Schiff

base iron complexes.
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Figure 71. Plot of the energy of the MLCT band in Fe' intermediates vs the E1,2 of
the Fe'/Fe' couple. In the case of 1 mM Fe(Acacsalen)Cl, the energy plotted is the
average of the energies of the two MLCT experimentally observed at 308 and 379

nm (see Table 5).

Eqp (V) vs.Fct/Fc,V .,
Iron Complex (AE, mV) Ayax Fe! —ico,fin,
FeIIIFH Fellfl
Fe(Salen)Cl —0.77 (98) —2.21 354 —42
. (89) .
-2.50
Fe(Acacen)Cl -0.93(93) (68) 288 -5.6
-2.24
Fe(Beacen)CI -0.83(81) (93) 344 -5.3
-2.25
Fe(Acacsalen)Cl | -0.83(91) (131) 308,379 -4.1

Table 5. Electrochemical and spectroscopic characterization of iron complexes

employed in this work.
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3.3 Reactivity of Fe' towards carbon dioxide

In the presence of carbon dioxide, the voltammetric traces of the iron
complexes display intense, irreversible peak-shaped waves at the level of the
Fe'l/Fe' couple (see the ico/in2 parameter summarized in Table 6, where ico2
is the peak current of the wave under COz2, and in2 is the peak current of the
one-electron cathodic wave of the Fe'/Fe' couple under dinitrogen
atmosphere). The features of the wave observed under CO2 atmosphere are
indicative of an electrocatalytic event involving the active Fe' intermediate
generated at the electrode, as evident in Figure 68. In the case of
Fe(Beacen)CI, the wave observed in the presence of CO2 is composed of two
contributions. A pre-wave, observed at —2.20 V vs Fc*/Fc (positively shifted by
80 mV with respect to the cathodic Fe'/Fe' peak under N2 atmosphere), is
followed by the more intense wave peaking at Ep = -2.58 V vs Fc*/Fc. Such
observation is likely ascribable to two different reduction pathways -
associated to different reduced intermediates - of which the second, generated
at more cathodic potentials, is involved in a faster catalytic reaction. The first
cathodic wave observed in the presence of CO2 could therefore be reasonably
attributed to a slower process, proceeding through an adduct obtained as the
irreversible association between CO:2 and the reduced Fe' complex, as
previously observed in the case of a Fe(qpy) and Fe(Salophen)Cl complexes
(see Chapter 2).% We anticipate that in the presence of proton donors (vide
infra), the subsequent catalytic current will enhance at this potential, most
likely due to a protonation-first pathway of the reduced adduct, promoting the

catalytic transformation.

Furthermore, the electrocatalytic process impacts on the behaviour observed
in the backward anodic scan. Indeed, the backward anodic trace recorded in
the presence of CO2 displays an abatement of the Fe'' — Fe'!' reoxidation
wave. In the case of Fe(Salen)Cl, a new anodic peak (Ep =-0.93 V vs Fc*/Fc)
arises, 210 mV more negative than the Fe'/Fe'' oxidation peak (Figure 68).

These observations are ascribable to chemically irreversible transformations
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of the complexes induced by the applied potential in the presence of CO:2
acting as substrate. These processes might involve loss or exchange of apical
ligands in the coordination sphere of the iron ion, as already discussed for
Fe(Salophen)CI. Fe(Acacen)Cl and Fe(Beacen)CI, on the other hand, undergo
complete abatement of the Fe' — Fe!' backward anodic wave. Such
observation is suggestive of a strong impact of the electrocatalytic process on

the stability of iron complexes with B-diketoiminato ligands.

Reactivity of the Fe' species with CO2 was further supported by two

complementary experiments:

i) isolation of Fe' species upon constant potential electrolysis under inert
atmosphere, followed by addition of carbon dioxide (in the absence of applied
potential), that led to an immediate colour change of the solution (see pictures
in Figure 72); in the case of Fe(Salophen), reactivity of Fe' with CO2 under
analogous conditions was associated to a redox process involving oxidation
of Fe! to Fe'" by CO2, as supported by EPR evidence. Notably, no reduced
products of CO2 were detected under these conditions (in particular carbon
monoxide), suggesting that a further reduction of the Fe'-CO2 adduct is

required in order to close the cycle and release the products (vide infra).

i) SEC-UV/Vis analysis in the presence of CO2, where the diagnostic MLCT
features of Fe' intermediate are blue-shifted with respect to those observed
under dinitrogen (Figure 72). In particular, the absorption maximum shifts from
354 to 345 nm for Fe(Salen)Cl and from 344 nm to 332 nm for Fe(Beacen)Cl;
in the case of Fe(Salophen)CI, the MLCT shifts from 405 nm to 385 nm in the
presence of COz2, suggesting the reactivity of the complex towards CO2, and

the likely formation of an iron carbonyl adduct.
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Figure 72. Pictures of the gas-tight electrochemical cell containing the Fe' species
electrogenerated from 1 mM Fe(Salen)CI (top) and Fe(Beacen)CI (bottom) in ACN
before (left) and after (mid) addition of CO.. Right: SEC-UV/Vis traces under CO>
atmosphere of 1 mM Fe(Salen)CI (top) and Fe(Beacen)Cl bottom at the potential

associated with the generation of Fe'.
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3.4 Effect of Proton Donors and Electrolysis

In order to evaluate and characterize the putative electrocatalytic reduction of
CO:z2 in the presence of the iron complexes, the use of a proton donor adjutant
was considered. Following the indication of a previous screening conducted
with Fe(Salophen), phenol (PhOH, pKa = 29 in acetonitrile) was first
considered, since it provided high selectivity for CO formation, also supported
by 13COz2 labelling experiments. Trifluoroethanol was also evaluated (TFE, pKa
= 35.4 in acetonitrile, although a value of 25.1 was estimated in the presence
of COz2 due to the reaction of the trifluoroethoxide conjugate base with CO2 to
give the CF3CH20CO2" carbonate)’®'®, since it was recently used in
combination with Mn-based and Fe porphyrin CO2 reduction catalysts. The
concentration of 0.3 M for TFE was selected as the one providing the
maximum current in a CV screening with Fe(Acacen)Cl. The effect of the
proton donors in the presence of CO2 was first investigated by CV (Figure 73),
by choosing 0.3 M and 0.5 M as the concentrations of TFE and PhOH,

respectively.

The major effect is a further current increase of the cathodic wave at the level
of the Fe'/Fe' couple, as indicated by the icoxin2 ratio (Table 6). This is
coherent with a more efficient catalytic process, highlighting the beneficial role
of mild proton donors in facilitating the further evolution of the putative Fe—CO:2
intermediate upon its stabilization by hydrogen bonding and stepwise
protonation. Notably, the presence of trifluoroethanol led to the observation of
the Fe' — Fe!' re-oxidation wave in the backward scans, likely indicative of a
more efficient cycle, with a lower impact on the chemical stability of the

catalytically active molecular species (vide supra).
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Figure 73. CV traces of 1 mM Fe(L)CI complexes under CO; atmosphere in the
presence of 0.3 M TFE (full traces) and 0.5 M PhOH (dotted traces). Top right
(magenta traces): Fe(Salen)CI; top left (blue traces): Fe(Beacen)CI; bottom left (red
traces): Fe(Acacen)Cl; bottom right (green traces): Fe(Acacsalen)Cl. Scan rate: 0.1
Vs,

Constant potential electrolysis was then performed in order to identify and
quantify the products associated with the electrocatalytic waves, and to
evaluate the stability of the systems. Three general considerations can be

summarized as follows (Figure 74 and Table 6):

i) Carbon monoxide (CO) and hydrogen (Hz) were the sole product identified;
NMR analysis according to the procedure reported by Nichols et al.'%" did not

reveal the production of HCOO™.
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i) In all cases, the overall Faradaic efficiency of the process for CO and H2
production was significantly lower than the ideal value; this is ascribed to both
the need for pre-reducing the Fe' to the active Fe' state, and the consumption
of reducing equivalents by the iron complexes leading to their inactivation and
decomposition, as demonstrated by the drop of electrolysis current over time
and by the marked changes in the UV/Vis spectra after electrolysis (see
Paragraph 3.6 for a thorough discussion). Non-quantitative Faradaic yields are
not unusual in the electrochemical reduction of CO2 with coordination

complexes, especially when low TON are achieved.

iii) The use of phenol as the proton donor led to a marked impact on the
catalytic selectivity of the process (as defined in Chapter 1) depending on the
iron complex. In particular, while high selectivity for CO was observed in the
case of Fe(Salophen) and Fe(Salen), Hz-oriented selectivity was recorded for
Fe(Acacen), Fe(Acacsalen), and Fe(Beacen), as shown in Table 6 and Figure
73, i.e., for the species where the Fe' intermediate is generated at more
negative potentials and is thus expected to be more prone to a direct reaction

with proton donors.
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Figure 74. CO vs H; selectivity in CPE experiments with Iron complexes, depending
on the proton donor. The selectivity was compared after the same charged passed,
in particular at two electrons per iron catalyst (see Table 6), and used as

performance indicators in the series.

Iron Complex Proton Donor E;C(XF‘::?. —icoafing (ZYY’,?-I?) Siﬁa:tsivl-iltzy

Fe(Salophen)Cl PhOH 0.5 M -1.99 —4.3 (53 98
Fe(Salen)Cl PhOH 0.5 M -2.25 -7.6 (:5?5) >98
TFE0.3M -2.29 -5.0 (<%1.1) >99

Fe(Acacen)Cl PhOH 0.5 M -2.31 -9.71M (155§7) 28
TFE0.3M -2.31 -10.0 (;352) 96

Fe(Beacen)Cl PhOH 0.5 M -2.18 -10.0 (114(:]4) 41
TFE0.3M -2.15 -7.8 (:;f” >99

Fe(Acacsalen)CI PhOH 0.5 M -2.19 —7.4 (1:1.8) <1
TFE0.3M -2.31 -5.8 (;%) 73

Table 6. Electrochemical reduction of CO2 with iron complexes in the presence of
phenol (PhOH) or trifluoroethanol (TFE) proton donors.
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3.5 Fe(Salen) as catalyst for the electrochemical CO2-to-CO

reduction

From a catalytic perspective, Fe(Salen)Cl appears the most promising
candidate in the reduction of CO2. Fe(Salen)Cl allowed to maintain a
selectivity > 98 % along electrolysis after 25 and 20 electrons passed per Iron
center with PhOH and TFE, respectively, reaching a turnover number for CO
production of 4.6 and 2.6 with PhOH and TFE, respectively. Although still
limited, the TON values confirm the possibility for Fe(Salen) to operate
catalytically; for the sake of comparison, a TON of 8 and a Faradaic efficiency
of 48% for CO were found under electrochemical conditions for one of the
most recently investigated catalyst for reduction of CO2to CO, i.e., Fe(qpy);>®
3 TONs were registered for Fe(Salophen) with PhOH. The slightly higher
stability of Fe(Salen) with respect to Fe(Salophen) could be associated to the
more negative potential required for the reduction of the imine bond, which can
be responsible for nucleation of Fe clusters and to the electrodeposition of

Fe(0) nanoparticles.'”?

Benchmarking of Fe(Salen)Cl was proposed on the basis of the overpotential
(n) and the rate constant (kcat), whose estimation can be directly obtained by
the CV analysis. n was determined from the difference between the peak
potential of the catalytic wave and the standard reduction potential associated
with the CO2/CO evaluated in the same conditions (E%(CO2/CO) = —1.34 vs
Fc*/Fc, vide supra): in the presence of 0.5 M PhOH, n results 0.91 V,
significantly higher than the one observed for Fe(Salophen) under similar
conditions, n = 0.65 V. The observation may be justified on the basis of the
increased electron donating character of Salen ligand that requires a more
negative potential to generate the Fe' species. Concerning kcat, given the
impossibility of reaching an “S-shaped” wave typical of pure kinetic conditions
operating at higher scan rates, a foot-of-the-wave analysis (FOWA) was

conducted on the cyclic voltammogram, providing an estimation of kcat 5-10*
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s~! (under the same conditions, Fe(salophen) exhibited 1:103% s~). These key

performance indicators are summarized in the Catalytic Tafel plot (Figure 75).
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Figure 75. Left: catalytic Tafel plots for Fe(Salophen) (blue, dotted trace) and
Fe(Salen) (magenta, solid trace) for the reduction of CO, to CO in acetonitrile, in the
presence of 0.5 M phenol. Right: structure-activity relationship between
Fe(Salophen)Cl and Fe(Salen)CI.

3.6 Catalyst decomposition

A final point of discussion deals with the initial CO vs Hz selectivity observed
in CPE experiments, and its relationship with catalyst stability. The selectivity
for CO of Fe(Salen) was supported by the persistence of the spectroscopic
features of the Fe' intermediate along SEC-UV/Vis experiments in the
presence of both proton donors employed (Figure 76). Regarding catalyst
stability, a subsequent electrolysis on a Fe(Salen) solution previously
employed (25 electrons passed per iron center, with 0.5 M PhOH as the proton
donor) displayed a lower current (<10% with respect to the first electrolysis)
and negligible activity toward CO2 reduction. The spectroscopic features of
acetonitrile solutions after electrolysis pertain to Fe(Salen), albeit with ~30%
absorbance decrease at the end of preparative experiments both using PhOH
and TFE.
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Figure 76. Electronic absorption spectra of Fe(Salen)CI before (full traces) and after
(dotted traces) CPE at —2.3 V vs Fc*/Fc in the presence of CO, and 0.5 M PhOH
(left) or 0.3 M TFE (right).

These results are coherent with Faradaic decomposition side-processes of
Fe(Salen) to inert species. Regardless, CO2 reduction occurring through a
molecular pathway is supported by the lack of any activity of the working
electrode at the end of the CPE experiments. Indeed, the working electrode
used in “unpolished tests” (i.e., CPE experiments in which the initial surface
state of the working electrode was not restored, run in electrolyte solutions
without the catalyst) pass only a limited amount of charge, displaying
negligible activity towards proton reduction and no activity towards CO2
reduction. Eventual deposition of electroactive iron particles on the carbon
electrode would instead produce an electrode prone to enhanced H2 evolution
in the presence of proton donors. It is also worth mentioning that in this latter
case COz reduction to CH4 could reasonably be observed, with FE values in

the 1 + 3% range as previously discussed.

This indicates a limited degree of reactivity of Fe'(Salen) with PhOH and TFE,
thus favouring its reactivity with CO2 and supporting the observed CO2-to-CO
reaction pathway. A further evidence is provided by the CV traces of
Fe(Salen)Cl in the presence of PhOH and TFE under N2 atmosphere, where

no current discharge attributable to H2 production at the level of the Fe'/Fe
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couple could be observed, Figure 77). Indeed, introduction of PhOH and TFE
results in an irreversible feature peaking at Ep —2.15 V vs Fc*/Fc and —-2.23 V
vs Fc*/Fc, respectively, that is coherent with similar observations discussed
for Fe(Salophen).

i/ pA
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Figure 77. CV traces of the 1 mM Fe(L)Cl in ACN under a N2 atmosphere in the
presence of 0.3 M TFE (full traces) or 0.5 M PhOH (dotted traces). Top left
(magenta traces): Fe(Salen)Cl; top right (blue traces): Fe(Beacen)Cl; bottom left

(red traces): Fe(Acacen)Cl; bottom right (green traces): Fe(Acacsalen)CI.

Specifically, we attribute these waves to reaction of the proton donors with the
reduced form of the complex at the level of the C=N bonds (a structural motif
shared with Fe(Acacsalen) as well), with a selectivity that is switched towards

a productive, metal-based reactivity when CO: is introduced.
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On the contrary, Fe(Beacen) and Fe(Acacen) display sharp, ill-defined multi-
electron cathodic features at the level of the Fe'!/Fe' couple that are reflective
of the inherent proneness to chemically impacting transformations of the 3-
diketyliminato complexes observed in electrolysis. Indeed, for Fe(Acacen)Cl,
Fe(Beacen(Cl) and Fe(Acacsalen)Cl, the nature of the proton donor
determines the observed products, and in particular on the initial CO vs H2
selectivity (Table 6). While the use of TFE favours CO formation (selectivity
96, > 99 and 73% for Fe(Acacen)CI, Fe(Beacen(Cl) and Fe(Acacsalen)Cl,
respectively), the presence of phenol switches the process towards H:2
production already in the early stage of the experiment (associated to a drop
in CO vs Hz selectivity: 28, 41, <1 % for Fe(Acacen)Cl, Fe(Beacen(Cl) and

Fe(Acacsalen)Cl, respectively).

The influence of the proton donors on the stability of the complexes can be
further discussed in terms of the different change in the electronic absorption
spectral profile for the iron complexes that can be observed in pre- and post-
electrolysis conditions in the presence of TFE or PhOH (Figure 78). The
application of the CPE cathodic potential to the CO2-saturated solutions of
Fe(Beacen), Fe(Acacen) or Fe(Acacsalen) in the presence of TFE induces an
irreversible bleaching of the spectral features of the complexes in the visible
region even after the exposure of the electrolyzed mixtures to the air. These
latter, incidentally, undergo a drastic colour change, turning yellow with
formation of a fine precipitate. Such observations may indicate irreversible
chemical disruption of the complexes into inactive species. Identification of the
decomposition products was not attempted; nonetheless, the loss of the Fe'
— Fe!'"anodic peak in CV under CO2 atmosphere (Figure 68) is supportive of
Fe poisoning as a result of electrocatalytic CO2 reduction. To investigate such
hypothesis, a spectroelectrochemical analysis in the infrared region (SEC-IR)
was attempted to detect Fe carbonyl intermediates that are expected to form
in electrocatalytic regimes (see Chapter 2 for experimental details of the SEC-
IR experiment). However, the analysis failed to reveal absorption features

ascribable to stretching motions of iron-carbonyl intermediates, as was instead
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observed in the case of Fe(Salophen). This could be due to an enhanced
reactivity of such intermediates towards decomposition, although the
interference of platinum working electrode at the negative potential used in our

setup should be also considered.

Phenol, on the other hand, has a different effect on the electronic absorption
spectra of the post-electrolysis solutions: for all three complexes, new spectral
features in the visible region arise, still ascribed to an irreversible
transformation of the starting compounds. The spectra, however, display
charge transfer absorptions consistent with Fe!' molecular compounds, while
in no case an abatement in absorbance could be observed that would
otherwise indicate decomposition of the complexes as the outcome of the

electrolysis experiments.
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Figure 78. Electronic absorption spectra of 1 mM Fe(L)CI before (full, coloured
traces) and after (black, dotted traces) CPE under a CO; atmosphere in the
presence of 0.3 M TFE (top) or 0.5 M PhOH (bottom). Left: Fe(Beacen)CI; mid:
Fe(Acacen)Cl; right: Fe(Acacsalen)CI.
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These results suggest a direct reactivity of electrogenerated Fe' species in this
series with phenol, as confirmed by CV (raise of the cathodic current at the
level of the Fe'/Fe' couple in the presence of PhOH under N2 atmosphere,
Figure 76) and by SEC-UV/Vis experiments. We approached the
electrogeneration of the Fe' intermediate under N2 atmosphere in the presence
of PhOH for Fe(Beacen)Cl as a representative case (Figure 79). The
diagnostic feature of Fe' species is significantly abated, while new absorptions
raise in the 400 + 800 nm region. Conversely, in the presence of TFE a similar
spectroscopic outcome with respect to the one previously discussed in the
absence of proton donors is observed (raising of the MLCT band at 340 nm,

see Figure 70 and related discussion).

The reactivity of Fe!(Beacen) (and related analogues) with phenol can
potentially involve both the iron centre and the ligand. The H2 evolution
observed for the B-diketyl-derived complexes in the presence of phenol (Table
6) could be possibly associated to formation of iron hydride intermediates, and
to their further reaction with a second phenol equivalent (metal hydrides with
sufficient hydricity could be also responsible for formate production, that
however was not detected in this case). Iron hydride generation might also be
assisted by previous protonation of the methine site, ultimately producing a
hydride-transfer relay in the ligand scaffold (Scheme 12). Indeed, protonation
of the imine group or of the methine carbon in B position to the imine and
enolate can be considered to occur under cathodic conditions, and both
processes could account for the Faradaic decomposition of the catalysts.191.192
The presence of the methine group is likely responsible for the low selectivity
for CO under electrolysis conditions for Fe(Beacen), Fe(Acacen) and
Fe(Acacsalen), when PhOH is employed. On the other hand, in conditions in
which selective CO2 reduction could be attained (TFE 0.3 M), catalyst
poisoning is the more plausible cause of deactivation (current drops after 3
electrons passed per iron centre)
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Figure 79. UV/Vis SEC of Fe(Beacen)Cl in ACN under a N, atmosphere at the

potential corresponding to generation of Fe', in the presence of 0.5 M PhOH (left) or

0.3 M TFE (right).
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Scheme 12. Proposed intermediate derived from (B-ketoiminato Fe complexes,

involved in catalyst decomposition and hydrogen evolution catalysis.
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3.7 Conclusions

We have reported an electrochemical investigation of four Fe''(N202)CI
complexes (N202 is a tetradentate Schiff base ligand), and their potential
application in the reduction of carbon dioxide. The main results can be

summarized as follows:

i) The Fe'(N202)CI complexes display two metal-based reductions, involving
Fe'/Fe!' and Fe'/Fe' couples; the potential associated with the Fe'/Fe' couple,
relevant to reactivity with COz, correlates with the electronic character of the N202
ligand (in terms of the energy of the highest occupied o-donating orbital) and with
the energy of the metal-to-ligand charge transfer absorption of the Fe!
intermediate, determined by SEC-UV/Vis.

ii) The Fe' intermediates react with CO2, as proven by CV, UV/Vis analysis of the
electrogenerated intermediates upon addition of CO2, and SEC-UV/Vis

investigation.

iii) For Fe(Salen)Cl, in the presence of phenol or trifluoroethanol proton donors,
the process is associated with the selective reduction of CO2 to CO (no H2 and
formate were detected along with the electrolysis); in the presence of 0.5 M
phenol, key performance indicators are an overpotential of 0.91 V, a catalytic rate
constant of 5:10* s™, and a turnover number of 4. CO2 reduction occurs through
a homogeneous route, and the transformation of Fe(Salen) into an

electrochemically inert species occurs.

iv) In the case of Fe(Acacen)Cl, Fe(Beacen(Cl), and Fe(Acacsalen)Cl, the
production of CO is observed only with TFE proton donor, while phenol leads to
the evolution of Hz2 from the early stage of electrolysis. In all cases, the electrolysis
current drops suddenly after three electrons passed per iron center, indicating a
higher instability of these species, likely associated with the protonation under
cathodic conditions of the ketylacetoneimine pendant of the ligands. This intrinsic
limitation therefore hampers the use of these iron complexes as catalysts for CO2-

to-CO reduction. Moreover, the active detrimental role of ligand structural features
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imposes a distinction in the originally devised category of N202 Schiff base

ligands, between the Salen-type derivatives and those obtained from B-diketones.

The structure-reactivity correlations involving active low-valent Fe intermediates
and the indications on the selectivity and stability of the coordination complexes
under cathodic conditions and depending on the proton donor nature can be
valuable in the design of more efficient and more robust catalysts. Furthermore,
the results herein discussed confirm the possible categorization of Salen-type
ligands as functional scaffold for constructing a competent family of Fe catalysts
for the electrochemical reduction of carbon dioxide. Given the wide synthetic
space allowing for fine-tuning of structural and electronic properties of the Schiff
base ligands, this section is concluded with confidence in the possible expansion

of the scope of these complexes.
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3.8 Experimental section

3.8.1 Synthesis of the Schiff base ligands

Acacen and Beacen were synthesized according to the procedure reported by
McCarthy et al.'%® Acacsalen was synthesized following the procedure described
by Biswas et al.'® and Costes et al.'® Salen was prepared by following the

procedure reported by Guieu et al.'%

3.8.1.1 N,N'-ethylene-bis(acetylacetoneimine) (Acacen)

Ethylenediamine (0.72 mL, 10.7 mmol) was slowly added to acetylacetone (2.2
mL, 21.4 mmol). A rapid and vigorous reaction afforded a white solid, which was
subsequently recrystallized from dichloromethane-hexane after filtration over
cellulose to remove yellow oily by-products. The product was obtained as a

crystalline white solid in 62% yield (1.47 g) after 3 recrystallization steps.

H-NMR (300 MHz, CDCl3): & 10.85 (s, 2H), 5 4.96 (s, 2H), & 3.38 (m, 4H), 5 1.96
(s, 6H), & 1.87 (s, 6H).

13C-NMR (200 MHz, CDCls): d 195.53, 162.82, 96.17, 43.53, 28.88, 18.68.
ESI-MS: 225.0 m/z [MH]".

Elemental analysis: calculated for C12H20N202 C: 64.26%, H: 8.99%, N: 12.49%.
Found C: 64.55% H: 9.59% N: 12.59%.
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Figure 80. Characterizations of the Acacen ligand. Top: "H-NMR; mid: *C-NMR;

bottom: ESI-MS of Acacen (10~° M in methanol).
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3.8.1.2 N,N'-ethylene-bis(benzoylacetoneimine) (Beacen)

Benzoylacetone (2.190 g, 11.0 mmol) was dissolved in 20 mL of ethanol. The
pale-yellow solution was heated under stirring, and subsequently treated with a
solution of ethylenediamine (0.45 mL, 0.406 g, 6.75 mmol) in 10 mL of ethanol.
The yellow reaction mixture was refluxed for 120 minutes. After the specified time,
the reaction mixture was allowed to cool to room temperature. Upon cooling, the
product precipitated as a white solid, which was isolated by filtration and
thoroughly washed with diethyl ether and dried. Yield 45% (1.06 g).

H-NMR (300 MHz, CDCls): 5 11.57 (s, 2H), 6 7.85 (m, 4H), 5 7.40 (m, 4H), 5 5.71
(s, 2H),  3.58 (m, 4H), & 2.08 (s, 6H).

13C-NMR (200 MHz, CDCls): 5 188.33, 164.86, 140.16, 130.68, 128.22, 126.95,
93.00, 43.82, 19.28.

ESI-MS: 349.2 m/z [MH]" .

Elemental analysis: calculated for C22H24N202 C: 75.83% H: 6.94% N: 8.04%.
Found C: 75.83% H: 7.32% N: 8.02%.
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3.8.1.3 N,N’-ethylene-(acetylacetoneimine)(salicylideneimine)

(Acacsalen)

Ethylenediamine (0.72 mL, 10.7 mmol) was dissolved in 50 mL of chloroform in a
250 mL round bottom flask. A solution of acetylacetone (1.1 mL, 10.7 mmol) in 50
mL of chloroform was slowly added to the vigorously solution of ethylenediamine,
by means of a dripping funnel, over the course of 3 hours. The reaction mixture
was further stirred at room temperature for a total time of 12 hours. After the
specified time, the pale-yellow solution was concentrated by rotary evaporation to
40 mL. To the so obtained mixture, a solution of salicylaldehyde (1.10 mL, 10.32
mmol) in 30 mL of chloroform was added. The deep yellow mixture was refluxed
for 40 minutes, then filtered over cellulose and concentrated to 10 mL by rotary
evaporation. Finally, the product was obtained by addition of hexane as a golden
yellow solid in 50% yield (1.28 g).

H-NMR (300 MHz, CDCls): 8 12.96 (s, 1H), 3 10.89 (s, 1H), 5 8.33 (s, 1H), 5 7.26
(m, 2H), & 6.88 (m, 2H), 5 4.95 (s, 1H), 5 3.74 (t, J = 5.2 Hz, 2H), 5 3.57 (t, J = 5.0
Hz, 2H), & 1.96 (s, 3H), 5 1.88 (s, 3H).

13C-NMR (200 MHz, CDCls): & 195.3, 167.05, 163.01, 160.90, 132.55, 131.68,
118.80, 118.64, 116.98, 95.88, 59.87, 43.49, 28.80, 18.92.

ESI-MS: 247.0 m/z [MH]".

Elemental analysis: calculated for C14H1sN202 C: 68.27% H: 7.37% N: 11.37%.
Found C: 65.65%, H: 7.24%, N: 10.74%.
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3.8.1.4 N,N’-ethylene-bis(acetylacetoneimine) (Salen)

Salicylaldeyde (0.81 mL, 7.6 mmol, 2 eq.) dissolved in 30 mL of ethanol was
treated with a solution of ethylendiamine (0.25 mL, 3.8 mmol, 1 eq) in 20 mL of
ethanol. The reaction mixture rapidly turned bright yellow and was refluxed under
stirring for 2 hours. After the specified time, the yellow mixture was allowed to cool
to room temperature, observing the precipitation of yellow crystals. These latter
were recovered by filtration and thoroughly washed with cold ethanol and hexane
and dried in vacuum. Yield 78% (0.78 g).

H-NMR (300 MHz, CDCls): & 8.35 (s, 2H), 5 7.33-7.16 (m, 5H), 5 6.73-6.69 (m,
3H), 8 3.93 (s, 4H).

13C-NMR (200 MHz, CDCls): 5 166.52, 161.02, 132.41, 131.49, 118.68, 116.97,
59.77.

ESI-MS: 269.1 m/z [MH]".

Elemental analysis: calculated for C20H16N202 C: 71.62, H: 6.01, N: 10.44. Found
C: 71.59% H: 6.21% N: 10.42%.
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3.8.2 Synthesis of the Iron complexes

Iron(lll) complexes of ligands deriving from the condensation between f3-
diketones and ethylenediamine were synthesized by a modification of the
procedure published by Cisterna et al.'®, involving quantitative deprotonation of
the ligand with potassium tert-butoxide (‘BuOK) in methanol to produce its
conjugate dianionic base, subsequently metalated with iron(lll) chloride
hexahydrate. Fe(salen)Cl was synthesized by following the procedure reported

for the synthesis of Fe(Salophen)ClI.

3.8.2.1 N,N’-ethylene-bis(acetylacetoneiminato)chloroiron(lil),
Fe(Acacen)CI

203 mg of Acacen ligand (0.91 mmol) were dissolved in 80 mL of methanol and
treated at room temperature with 203 mg (1.81 mmol, 2 eq.) of 'BuOK. After
stirring the mixture for 20 minutes, a solution of FeCls:6H20 (260 mg, 0.96 mmol,
1.05 eq.) in 10 mL of methanol was added dropwise to the mixture, which rapidly
turned deep red. After refluxing under stirring for 3 hours, the mixture was
concentrated to dryness by rotary evaporation and treated with CH2Cl2 to dissolve
the product. The deep red solution was filtered to remove insoluble salts (KCl and
the excess of iron(lll) salt). CH2Cl2 was removed with a gentle stream of
dinitrogen, thus affording Fe(Acacen)Cl as a dark purple microcrystalline solid
(260 mg, yield 91%).

ESI-MS: 278.1 m/z [Fe(Acacen)]* (loss of CI).

Elemental analysis: calculated for C12H1sN202FeCl C: 45.96% H: 5.79% N:
8.93%. Found C: 45.99% H: 6.21% N: 8.72%.
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Figure 84. ESI-MS spectrum of Fe(Acacen)Cl 10> M in methanol.

3.8.2.2 N,N’-ethylene-bis(benzoylacetoneiminato)chloroiron(lil),
Fe(Beacen)ClI

122 mg (0.35 mmol) of Beacen ligand were suspended in 50 mL of methanol,
heated under stirring until complete dissolution of the solid, and treated with 78
mg (0.70 mmol, 2 eq.) of ‘BuOK. After 15 minutes, the mixture turned yellow. 100
mg of FeCls-6H20 (0.37 mmol, 1.06 eq.) dissolved in 10 mL of methanol were
added dropwise, inducing a colour change in the mixture, which turned deep
purple. The reaction mixture was refluxed under stirring for 4 hours. After the
specified time, the mixture was concentrated to dryness by rotary evaporation and
treated with CH2Cl2 to dissolve the iron complex, leaving the inorganic salts
undissolved. The latter were filtered off, and the product was obtained as a purple
powder after removing the solvent with a gentle stream of dinitrogen. 129 mg

(vield 84%) of product were obtained.
ESI-MS: 402.1 m/z [Fe(Beacen)]* (loss of CI).

Elemental analysis: calculated for C22H24N203FeCl C: 60.37% H: 5.07% N:
6.40%. Found C: 57.42% H: 5.07% N: 5.90%. The experimental analysis provides
results coherent with the presence of one molecule of water per molecule of metal

complex, Fe(Beacen)CI-H20.
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Figure 85. ESI-MS spectrum of Fe(Beacen)Cl 10° M in methanol.

3.8.2.3 N,N'-ethylene-(acetylacetoneiminato)(salicylideneimine),

Fe(Acacsalen)ClI

99 mg (0.40 mmol) of Acacsalen ligand were dissolved in 30 mL of methanol and
treated under stirring with 90 mg (0.80 mmol, 2 eq.) of ‘BUOK. The mixture was
stirred for 30 minutes. After the specified time, a solution of 115 mg (0.43 mmol,
1.06 eq.) of FeCl3-6H20 in 10 mL of methanol was added dropwise, obtaining a
deep purple mixture which was refluxed under stirring for 3 hours. The solvent
was removed by rotary evaporation, and the product dissolved in CH2Cl2. The
insoluble inorganic salts were filtered off. The product was obtained as a wine-
coloured microcrystalline solid after removing the solvent with a gentle stream of

dinitrogen. 134 mg of product were obtained (yield 98%).
ESI-MS: 300.1 m/z [Fe(Acacsalen)]* (loss of CI7).

Elemental analysis: Calculated for C14H16N202FeCl C: 50.11% H: 4.81% N:
8.35%. Found C: 48.23% H: 4.80% N: 7.72%.
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N,N'-ethylene-bis(acetylacetoneiminato)chloroiron(lil),

Fe(Salen)ClI

75 mg (0.28 mmol) of Salen were dissolved in 30 mL of CH2Cl2. To the yellow

solution, 86 mg (0.32 mmol, 1.1 eq.) of FeCls-6H20 were added, resulting in a red

suspension. After 1 h of stirring at room temperature, 42 uL (0.30 mmol, 2 eq) of

triethylamine, dissolved in 15 mL of CH2Cl2, were added dropwise to the reaction

mixture. The mixture is further stirred at room temperature for 4 h, resulting in a

dark red solution. The solvent was removed by rotary evaporation and the product

redissolved in CH2Cl2. Solid residues were removed by filtration, and CH2Cl2 was

removed with a gentle stream of N2. The dark purple solid thus obtained was

finally washed with cold (—20 °C) absolute ethanol to remove triethylammonium

chloride and dried under vacuum. Yield 42% (42 mg).

ESI-MS: 322.0 m/z. [Fe(Salen)]* (loss of CI).

Elemental analysis: Calculated for C20H14N202FeCl C: 53.74% H: 3.95% N:

7.83%. Found C: 52.80% H: 4.01% N: 7.60%.
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Figure 87. ESI-MS spectrum of Fe(Salen)Cl 10=° M in methanol.

3.8.3 Electrochemical methods

3.8.3.1 Cyclic voltammetry

Cyclic voltammetry experiments were conducted with a three-electrode system
controlled by a BASi EC Epsilon potentiostat-galvanostat. The working electrode
was a glassy carbon disk electrode (BioLogic, nominal diameter 3 mm), the
auxiliary electrode a platinum electrode (BASi), the reference electrode an
Ag/AgCI/NaCl (3 M) electrode (BASI); potentials were then referenced to the
ferricenium/ferrocene (Fc*/Fc) couple upon addition, at the end of each
experiment session, of ferrocene to the analyte solutions as internal standard, the
E12 of which was measured by running a cyclic voltammogram. Between each
voltammetric experiment, the working electrode was polished with a 1 pm
diamond paste (Struers) on a DP Nap microfiber cloth (Struers), rinsed with
methanol, sonicated in ethanol, rinsed again and gently dried with N2 gas. At the
end of each experiment session, the same treatment was applied to both working
and auxiliary electrodes, while the reference electrode was gently rinsed with
deionized water, methanol, and dried with N2 gas. Analyte solutions were
prepared with HPLC-grade solvents (Carlo Erba) and electrochemical-grade
supporting electrolytes (Sigma, purity >99.0%), used without further purification.
The solutions were purged with dinitrogen or carbon dioxide gas, the headspace

of the cell being also degassed to prevent dioxygen contamination.
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3.8.3.2 Constant potential electrolysis

Constant potential electrolysis experiments were performed with a Metrohm
Autolab PGSTAT204 potentiostat-galvanostat controlled by Nova 2.1.4 software.
The cell generally employed for preparative electrolyses was a custom-made 6-
necked 2-compartment glass cell, the two compartments being separated by a
porous glass frit. The cell and the experimental procedure were previously
described (see Experimental Section of Chapter 2. Figure 88 represents the cell
assembled during gas saturation of the solutions before electrolysis). The working
electrode was a glassy carbon rod (SIGRADUR, HTW), the auxiliary electrode a
platinum wire, and the reference electrode an Ag/AgCI/NaCl (3 M) electrode. The
reference electrode was separated from the bulk analyte solution by means of a
custom-made gas-tight salt bridge filled with electrolyte solution. The tip of the salt
bridge was equipped with a CoralPor® frit, while the body of the reference
electrode was fit inside the upper part of the bridge. This latter was constituted by
a screw joint allowing the content of the bridge to be sealed by means of a PTFE
O-ring. Care was taken to remove any obstruction offered by gas bubbles to the

electrolytic contact between the solutions across the junction.
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Figure 88. Gas-tight electrolysis cell used throughout the study. The working

compartment, containing the coloured solution, and the auxiliary compartment, are
shown being degassed. Electrodes and connections are assembled as described in the

text. The salt bridge housing the RE is visible.

3.8.3.3 UV/Visible absorption spectroelectrochemistry

UV/Visible absorption spectroelectrochemistry experiments SEC-UV/Vis
experiments were performed by employing Varian Cary 50 Bio
spectrophotometer, equipped with a 0.5 mm nominal optical path quartz
spectroelectrochemistry cell (BASi EF-1362). The electrodes used were a
platinum gauze working electrode, a platinum wire auxiliary electrode, and an
Ag/AgCI/NaCl (3 M) reference electrode, using the setup previously described.
Solutions were prepared using 0.1 M tetraethylammonium tetrafluoroborate as the
supporting electrolyte and acetonitrile as the solvent. All solutions were degassed
by sparging dinitrogen or carbon dioxide for 10 minutes in sealed vials and kept

under an atmosphere of the same gas. Manipulation of solutions was performed
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via cannulation. Control experiments on aerated solutions were run to confirm the

quality of the reported experimental data in regard to the removal of dioxygen.

3.8.3.4 Electrolysis gaseous product quantification

Gaseous product analysis was performed by gaschromatography, using an
Agilent Technologies 7890A GC equipped with a thermoconductimetric detector
and a 5975C VL MSD mass spectrometer. Gas samples of known volume were
withdrawn from the headspace of the electrolysis cell by means of a gastight
Hamilton syringe. Quantification of the gaseous species was achieved by external
calibration of the instrument, upon construction of a calibration curve by injection

of known volumes of pure gas (Figure 89).
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Figure 89. External calibration curves for CO (left) and H: (right).
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The external calibration provided the response factor kgas relating the measured
peak area associated with the analyte gas (Agas) to the injected volume of gas
(Vgas) (Eq 37):

Agas = kgas X Vgas (Eq. 37)

When a gas sample of known volume (Vinj)) was withdrawn from the electrolysis
cell and analyzed via GC, the peak area associated to the analyte gas could be
therefore used to determine its volume Vx (Eq. 38). The volume concentration of
the analyte gas in the headspace of the cell ({x) could be determined from the
ratio between Vgas and Vinj (Eq. 39).

V= Ax/kgas (Eq. 38)
(x = Vx/Vinj (Eq. 39)

By multiplying {x by the independently determined volume of the headspace
(Vhs), the total volume of gas could be calculated (Vxtot) (Eq. 40), and converted

into moles of analyte gas by using the ideal gas law (Eq. 41).

Vx,tot = {x X Vs (Eq 40)
n. = PVthot (Eq 41)
x RT

Where P is the pressure (assumed as 1 atm), the temperature 298 K, and R the

ideal gas constant, 0.08206 LatmK~"mol~".
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SECTION 2.

Hybrid photoactive catalytic materials for
photoelectrochemical water oxidation to O-

The following Section is dedicated to Mark Joseph Ferrari
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4 Dye-catalyst dyads as constituents of

Photoelectrochemical Cells

4.1 Introduction

Artificial photosynthesis relies on the fixation of naturally abundant solar energy
into the form of chemical bonds. Such task has been traditionally interpreted
following a biomimetic, compartmental approach. This draws inspiration from the
natural photosynthetic systems, in which light absorption and subsequent
photoinduced charge separation provide the driving force for the redox
transformations leading to NADPH and ATP synthesis. These reductive dark
reactions are fed by the water oxidation process, necessary to provide the
reducing equivalents.'®8-201 |n artificial photosynthetic schemes, the dual nature
of the photoinduced redox transformations is most clearly interpreted in
photoelectrochemical cells (PEC’s); these devices are traditionally composed of
two photoelectrodes, where light absorption and conversion into separated
electrons and holes take place. Holes (describable as oxidizing equivalents) are
employed at the anodic compartment to drive an oxidation reaction, usually the
oxidation of water (or oxygen evolution reaction, OER). On the other hand,
electrons are driven to the cathode, which is designed to be catalytically active
towards processes such as small molecules reduction (Figure 90). Most notable
are the fuel-forming hydrogen evolution (HER) and carbon dioxide reduction

reactions.202-206

The photoanodic compartment is usually regarded as a key component of a PEC.
The core structure of photoanodes is composed of a semiconductor, often a
nanostructured n-type semiconducting metal oxide (SCO) film, interfaced with a
transparent conducting oxide (TCO) such as fluorine-doped tin oxide (FTO) or
indium tin oxide (In203-SnO2, ITO). Most notably, dye-sensitized photoanodes
have been extensively studied and applied in dye-sensitized solar cells (DSSC’s)

and water splitting dye-sensitized photoelectrochemical cells (WS-PEC’s). In
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these latter, the semiconductor is interfaced with a dye that extends the light

absorption, and with a catalyst that accelerates the target chemical reaction.

External circuit

CO,, H,0
H,0
e’ -4e
-4 H*
H,
/ CO, HCOOH, CH, ... 02
Cathode Photoanode

Figure 90. Fuel-synthesizing photoelectrochemical cell constituted by a photoanode,

based on a dye and a Water Oxidation Catalyst, and a dark cathode.

The photoanode of WS-PEC’s operates through a light-activated catalytic cycle,

in which the dye is involved in three key steps:
i) light absorption;

ii) electron transfer to the SCO, resulting in injection; electrons in turn diffuse
through the SCO film until they reach the back contact and are collected by the

cathode through an external circuit.

i) electron transfer from the WOC, resulting in oxidation of the latter; this process
can be constituted by a series of lateral ET events between neighboring dye and
WOC sites.

These notions constitute the basics of dye-sensitized photoelectrochemical cells
(DSPEC’s).
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4.1.2 Semiconductors

The components of dye-sensitized photoelectrodes must be carefully designed to
produce an efficient system. Particularly, the thermodynamics and kinetics of
injection of photogenerated charges into the conduction band of the
semiconductor must allow for efficient competition against charge
recombination.?°’-215 Typical examples of SCO substrates with an appropriate
band structure for constructing photoanodes are SnOz2, TiO2, and WOs. In other
reports, nanostructured porous conducting oxides as ITO have been used as
substrates. Several strategies have been devised to favor and accelerate charge
injection while counteracting recombination, such as growing overlayers of
semiconducting (e.g., TiO2 over SnOz2) or insulating (Al203 over TiO2) oxide
polyatomic layers over the SCO film to produce core-shell structures. Secondly,
electronic states between the valence and conduction bands of the SCO can act
as trap states, lowering the injection efficiency. The nature and energetic
properties of these states are highly dependent on SCO composition,
morphology, and synthetic route. Also, SCO film structure and thickness
determine the time required for electrons diffusing towards the TCO contact.
Lastly, the attainable dye (and WOC, vide infra) loading is a crucial parameter that
strongly depends on SCO morphology. Micrometer thick, mesoporous SCO films
allow for the highest loadings, despite imposing a longer path for injected
electrons to travel in order to reach the TCO. This consideration highlights the
need to consider film morphology, in turn related to the synthetic protocols that

are followed to obtain the SCO-functionalized electrode.?07-215

More recently, organic visible light absorbing-semiconductors have been applied
to WS-PEC'’s, with the most notable example being carbon nitride. Choosing
organic semiconducting materials allows for direct bandgap excitation with visible
light, while an additional notable feature is the applicability of molecular design
principles to the organic material, the optoelectronic and redox features of which
may be finely tuned to attain the desired properties. Notably, polymeric films

containing chromophore monomers have been reported. In more recent years,
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the emerging topic of photoactive Covalent Organic Frameworks entered the field
of photoelectrochemistry, as nanoporous organic semiconductors. Nonetheless,
despite the innovative nature of these materials, performance and device
scalability still favor SCO-based PEC’s.216-218

4.1.3 Dyes

Given the low absorption in the visible region displayed by traditionally employed
semiconducting oxides, such as TiO2 and SnOz2, dyes need to be introduced. Dyes
are usually molecular chromophores, able to harvest visible photons and inject

photoexcited electrons into the conduction band (CB) of the semiconductor.

To be applied as photosensitizers for a specific photoanodic system, dyes must

satisfy several requirements:219-221

i) Extended absorption in the visible region (especially challenging for A >
500 nm);
i) Robustness and durability in the operational environment;
iii) High oxidizing power of the oxidized state, to match with the required
potential of the catalyst for OER or for other target oxidation processes;
iv) High reducing power of the excited or reduced states, to provide the driving
force for injecting electrons in the conduction band of the SCO (oxidative
quenching of the dye).
As an alternative to this mechanism, the dye in its excited state can promote
oxidation of the catalyst (reductive quenching of the dye), followed by electron

injection in the semiconductor from the reduced form of the dye.

It should be remarked that, unlike in photocatalytic systems (discussed in Chapter
1), a long excited state lifetime is not a paramount requirement for dyes to be
employed on photoelectrodes. Indeed, the residence of dyes at the interphase
with a semiconducting electrode allows for fast charge transfer, thus bypassing

the need for the excited state to survive for long times.
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The thermodynamic requirements at points iii and iv are formalized as detailed in
Chapter 1 and must be expressed through appropriate redox potentials of the dye.
Specifically, a dye can inject an electron in the conduction band of a
semiconductor if either its excited (in oxidative quenching) or reduced (in
reductive quenching) states lie at higher energies (i.e., more negative potentials)
than the conduction band edge of the semiconductor. Seminal works by T. E.
Mallouk and co-workers employed ruthenium tris(bipyridyl) complexes as dyes for
TiO2-based photoanodes. More recently, attention was directed to organic
chromophores as sustainable and efficient substitutes for rare metal-based dyes.
Relevant classes of dyes are porphyrins (as free-base and in the form of metal
complexes), subporphyrins, boron-dipyrromethenes (BODIPY), triarylamines,

diketopyrrolopyrroles, and perylene bisimides (PBI). These are represented in

Figure 91.
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Figure 91. Structures of visible-absorbing dyes commonly used in

photoelectrochemical cells.
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Molecules of each category have been applied in photoanodes for the OER. A
paramount aspect of photoanode preparation is the introduction of dyes on the
surface of a SCO. The stability of the dye at the surface and its electronic
communication with the underlying semiconductor is heavily dependent on the
chemical interactions between the two and should therefore be addressed when
designing molecular dyes. The most effective strategy to include molecular dyes
on the surface of photoelectrodes relies on the presence of anchoring moieties in
their structure.??2-224 Anchors are functional groups that can bind to metal oxides.
The most used linkers are based on carboxylic, phosphonic, and hydroxamic
acids, or silatranes. More exotic interactions involve catechol-type molecules
binding to oxides in a bidentate chelating fashion via phenoxide groups (e.g.,
alizarin).??5-227 The nature of the anchoring group determines the stability of the
SCO-dye interface towards hydrolysis. Furthermore, the dye-SCO (or dye-
catalyst, vide infra) bond is crucially involved in the photoinduced electron transfer
processes leading to electron injection into the metal oxide. Indeed, this latter
process is more efficient when electron transport is mediated by direct bonds
between the ET partners. Other (less efficient) strategies involve deposition of
dyes via solution methods, relying solely on physical interactions between dye
molecules and SCO upon solvent removal. These principles have been clearly
elucidated by Brudvig and co-workers in 2017, and further integrated in later years
(Table 7).222223 A final remark on the choice of the appropriate anchoring group is
related to the synthetic effort for adding such anchors in the chromophore core.
The most commonly chosen groups are the carboxylate and the phosphonate,
owing to the ease of dye synthetic protocol modification to introduce and

subsequently hydrolyze alkyl esters for obtaining the desired dyes.

Semiquantitative description of dyes on photoanodes may be safely carried out
under the assumption of applicability of photophysical and chemical properties in
diffusional systems (see Chapter 1). This view might need refinement when
explicitly considering the effect of aggregation. Briefly, multiple layers of weakly
dye molecules may offer dispersive relaxation pathways counteracting electron

diffusion towards the back contact.

200



Anchoring group Binding mode H,0 stability Electron injection
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Table 7. Main features of anchoring groups used to chemically link dyes to oxide
surfaces. Material adapted with permission from 2?2, Copyright 2017 Royal Society of

Chemistry.

A second phenomenon that may be enhanced on the surface of photoelectrodes
is symmetry breaking charge separation (SBCS). It is a process in which two
identical chromophore molecules closely interacting (i.e., in an aggregated state)
form a charge separated state upon photon absorption. The formation of a charge
separated excited state (by symmetry breaking charge transfer, SBCT) and its
subsequent evolution to an ion couple are facilitated in a polar environment. SBCS
has been observed predominantly in organic chromophores, among which PBI
dyes are the most relevant. When SBCS is active in photocatalytic or

photoelectrochemical regimes, the independent redox reactivity of the
chromophore radical anion and cation may in principle be exploited towards
injection and oxidation processes, respectively. Albeit less reactive than a singlet

excited state, the photogenerated ion couple typically displays longer lifetimes.
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4.1.4 Water Oxidation Catalysts (WOC)

Dyes can manage the oxidation of facile redox reactants, such as |~ used in
DSSC'’s, or other one-electron sacrificial donors. However, dyes alone are most
often unable to drive the 4-electron, 4-proton oxidation of water to O2, albeit
matching the thermodynamic requirements. The inertness of the targeted reactant
therefore introduces the need for a water oxidation catalyst (WOC) as an

additional component.

The WOC is fed by the oxidized form of the dye (or by the excited state of the dye,
in the case of the reductive quenching mechanism), and the photocatalytic cycle
is repeated until the WOC reaches its active state and the water oxidation catalytic

process is initiated (dark cycle) (Figure 92).
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Figure 92. Action mechanism of a water-oxidizing photoanode composed by a SCO, a
dye, and a WOC. The dye is represented acting via oxidative quenching, commonly

encountered for Ru(bpy)s analogues.

Catalysts employed in the literature are transition metal-based and either
molecular or nanoparticulate in nature. Ruthenium and iridium complexes have
proven crucial in seminal studies, given the possibility of tuning their redox and
catalytic properties through ligand design, along with the mechanistic tools

applicable to the operando study of molecular catalysts. Indeed, research on
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reaction mechanisms of water oxidation catalyzed by transition metal complexes
has heavily relied on Ru and Ir-based catalysts (Figure 93). Further developments
targeted first-row transition metal complexes in the scope of more sustainable

systems, especially based on iron, manganese, cobalt, and copper.'64:228-236

Figure 93. Chemical structures of relevant Ru and Ir molecular WOC'’s.

Aside from promoting the water oxidation reaction, the presence of a fast WOC is
needed to avoid charge accumulation at the dye. Failing to provide turnover at the
level of the photocatalytic cycle can in fact result in dye bleaching (or photo-
fading), especially for organic chromophores becoming chemically vulnerable in
their oxidized forms. Efficient electronic communication between semiconductor
film, dye and catalyst is therefore paramount to avoid sluggish steps in the
electron transfer chain. Another factor contributing to efficiency losses is back
electron transfer from the dye to the WOC and the direct scavenging of injected
electrons by the oxidized form of the WOC (charge recombination). These
processes and the energy levels of the components involved are pictorially

represented in Figure 94.
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Figure 94. Right: pictorial energy levels of photoanode constituents. Left: schematical

view of the directional ET processes involved during operation of photoanodes. Figure

redrawn with permission from 23”. Copyright 2014 American Chemical Society.

These preliminary considerations highlight the need for an integrated multi-

disciplinary approach combining semiconductor chemistry and physics, organic

and inorganic synthesis, molecular photophysics, and electrocatalysis.
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4.1.5 Dye-catalyst dyads

As previously discussed, a smart and efficient managing of the electron transfer
events is a mandatory requirement for a functional device. From the standpoint of
a photoelectrode constituted by a SCO, a dye and a WOC, this calls for
optimization of the interactions between the couples SCO-dye and dye-WOC. The
dyadic approach, in which the catalyst and the dye are directly bound together by
means of chemical interactions, allows to attain controllable dye : catalyst ratio
values, an aspect that is particularly relevant when multi-electron transformations
are being targeted. Researchers have devoted molecular design and synthetic
efforts for producing pre-assembled dye-WOC functional dyads. For the sake of
clarity, the dyadic nature of these systems is to be intended as regarding the dual
components connected by chemical interactions and serving the functions of dye

and catalyst, regardless from the stoichiometry of the resulting assembly.

The issue of electronic communication between connected redox centers has
been examined at the molecular level by considering the importance of the spatial
interactions between partners in an electron transfer reaction. Indeed, the Marcus
theory clarifies the impact of thermodynamics on the kinetics of electron transfer
and regulates the ET chain between multiple partners. A paramount role is
covered by nature and length of the spacer (“bridge”) between these latter,
determining the distance between the redox centers and the ability to open

preferential long-range electron transfer pathways.

Over several decades, donor-acceptor biomimetic dyads have fueled extremely
detailed studies of the mechanisms of photoinduced energy and electron transfer.
The body of work on fixed-distance donor-acceptor dyads has indeed shed light
on electron transport in photosynthetic centers and in redox proteins. The Marcus
theory has been further confirmed and applied for finer understanding of in vivo
electron transfer reactions occurring in living systems. Ultimately, the principles of
natural photosynthesis have been followed in the design of dye-catalyst molecular
dyads relying on this historically preponderant research. A well-defined molecular

structure with a known dye : catalyst ratio represents the main strength point of

205



molecular dyads with regards to their electrochemical and photophysical
characterization. However, artificial molecular systems suffer from heavily
demanding synthetic efforts that may afford only a limited degree of properties
tuning, especially of the dye : catalyst ratio. In the scope of functional devices, it
must also be considered how the stability issues often associated with molecular
catalysts may not be avoidable, thus impairing the outcome of elegant design
work. Examples of molecular dyads employ either ruthenium-based or organic
dyes and molecular complexes of ruthenium as catalysts for water oxidation, that

were studied on TiO2-based photoanodes.

Molecular dyadic systems relying on supramolecular interactions or hybrid dyads
built upon surface functionalization of nanostructured catalysts therefore
represent a more appropriate strategy to produce elements displaying efficient
photoinduced electron transfer features applicable to PEC’s. Recently,?3823 our
research group reported a biomimetic supramolecular assembly of cationic
perylene bisimides chromophores interacting through electrostatics with a central
ruthenium polyoxometalate WOC, [(PBI)s(RusPOM)], where RusPOM stands for
[Rua(p-0)a(u-OH)2(H20)4(y-SiW10036)2]'°". This complex (Figure 95) represents a
testimony to the key role of spatial organization of chromophores around a
catalytic center in producing efficient functional models of Photosystem Il (PSII).
Its performances were studied on photoanodes constituted by WOs, reaching
photocurrents of 44 pAcm=2 under 1 Sun illumination with almost quantitative
Faradaic efficiency for O2 evolution. Through refinement of the supramolecular
approach, it was then possible to further improve the performances of the system.
This was achieved by functionalizing the PBI chromophores with tetraethylene
glycol (TEG) cross-linkers, thus introducing hydrophilic domains in the vicinity of
the catalytic centers of RusPOM in superstructured assemblies of
[(PBITEC)5(RusPOM)]. Indeed, inverse-opal ITO photoelectrodes based on such
supramolecular system displayed a staggering 340% improvement over the

simpler parent.23°
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Figure 95. Structures of [(PBI)s(RusPOM)] (left) and [(PBI™C)s(RusPOM)] (right).

Figures reproduced with permission from 23%23°_ Copyright 2019 the Authors, under
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exclusive licence to Springer Nature Ltd.; Copyright 2022 American Chemical Society.

Literature addressing the issue of electron transfer kinetics in dyadic assemblies
have also been reported involving colloidal oxide particles as WOC and molecular
dyes. However somewhat scarcer, examples of such sort are appealing given the
tendency of nanostructured catalysts to display higher activity and/or better

stability than molecular complexes.

Historically relevant studies involve state-of-the-art dye and catalyst, Ru'
polypyridine derivatives and colloidal hydrated iridium oxide, respectively. Indeed,
mechanistic studies?? of the electron transfer reaction between Ru(bpy)s?* and
IrOx relevant to the water oxidation reaction date back to 2004. In these, it was
demonstrated that the rate-limiting step in the overall water oxidation in the
presence of persulfate as sacrificial electron acceptor was in fact the electron
transfer between the oxidized dye and iridium oxide. A tailored synthesis method
employed Ru' polypyridine analogues bearing dicarboxylic groups in the
periphery of one of the bipyridyl ligands, thus able to act as capping agents in the
synthesis of the iridium oxide particles. Furthermore, the heteroleptic complexes
were directly connected to a TiOz2 film by a phosphonate anchor in the structure
of another bipyridyl ligand (Figure 96). By bridging the dye and the catalyst

through a direct chemical interaction, the rate of electron transfer between the
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oxidized dye and IrOx was increased by two orders of magnitude.?'?24! This effect
is indeed ascribable to both a higher local concentration of the dye on the surface
of the catalytically active material and a stronger degree of electronic coupling
between the two components. The result is therefore a pre-organized system

prone to intrinsically faster inner-sphere electron transfer.
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Figure 96. Photoelectrochemical cell featuring a TiO2-based photoanode functionalized
with a Ru-sensitized hydrated Ir oxide nanoparticles. Figure reproduced with permission

from 241, Copyright 2009 American Chemical Society.

Later developments kept exploiting iridium oxide, the surface of which could be
functionalized by either a free-base porphyrin dye bearing dicarboxylate moieties
in its meso aryl rings or by its Pd complex introduced as stabilizers during IrOx
synthesis (Figure 97).2*2 Fluorescence quenching experiments demonstrated the
close electronic interaction between the colloidal catalyst and the porphyrin,
possibly resulting from electron transfer from the former to the excited state of the
dye (reductive quenching route). Despite encouraging preliminary observations,
however, the hybrid dyad was not further investigated in photocatalytic or

photoelectrocatalytic regimes.
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Figure 97. Hydrated iridium oxide nanoparticles functionalized on their surface by

freebase and Pd porphyrins studied by Mallouk and co-workers.?*?

A key step in the development of photoactive hybrid materials for the OER was
recently published by Sala and co-workers. They reported the synthesis of cobalt
oxide nanoparticles decorated with analogues of Ru(bpy)s?* on their surface
(RUPS@Co0304), represented in Figure 98.2*3 These hybrid dyads were studied
under visible light irradiation, catalyzing the OER through light absorption by the
ruthenium complex in the presence of persulfate as sacrificial electron acceptor.
Photophysical studies provided evidence for the dye acting through its normally
observed mechanism, i.e. oxidative quenching of the excited state of the dye by
persulfate. Indeed, findings highlighted no significant difference in the light
harvesting action mechanism by the photosensitizer followed by electron transfer
to S208%~. However, the role of the direct chemical and electronic interaction
between dye and catalyst was clearly appreciable by comparing the catalytic
performance of the RuPS@Co0304 dyad with the system composed by the
“‘unbound” RuPS and Co304. Indeed, photocatalytic O2 evolution is relevant only
in the former case, thus confirming the power of the dyad approach. Nonetheless,
comparative studies of such materials in immobilized systems may provide
insights in the beneficial role of the latter beyond colloidal catalysis. These would

therefore constitute the premises for novel photoelectrochemical devices.
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Figure 98. Cobalt oxide-Ru dye hybrid nanoparticles (RuPS@Co0304) studied for
photocatalytic water oxidation by Sala and co-workers. Figure adapted with permission

from 243, Copyright 2018 Elsevier.

To date, rare-metal free dye-catalyst dyads for promoting either photocatalytic or
photoelectrochemical OER have not been reported. In 2014, Finke and co-
workers have reported photoanodes based on organic semiconducting PBI films
(Figure 99).22° The dye was functionalized with phosphonic acid pendants at the
nitrogen sites, thus acting as a potential binding moietues for transition metal ions
and oxides. By using this strategy, researchers were able to guide the
photoelectrochemical growth of cobalt oxide nanoparticles (CoOx) bound to the
phosphonate moieties of the visible light-absorbing film, starting from aqueous
solutions of Co?* salts. The photoanodes displayed 80% FE for O2 evolution with
maximum IPCE 0.12%, limited by the low optical absorption by the thin films.
Despite the interesting system based on a versatile approach, the cobalt oxide
WOC-PBI films were not comprehensively characterized from the compositional
and morphological standpoint. Indeed, while the direct chemical interaction
between the PBI molecules and the cobalt oxide particles was proven crucial to
the efficacy of the device, the loosely controllable synthetic approach prevented

the formation of a well-controlled dyad.
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Figure 99. Scheme of the photoanode based on cobalt oxide-PBlI, published by Finke
and co-workers. Figure reproduced with permission from 22°. Copyright 2014 American

Chemical Society.

The undefined structure of the PBI-CoOx assembly was proven as a device flaw
in later reports, in which SnO:2 films were sensitized with phosphonate-bearing
PBI's and functionalized by photoelectrochemical growth of CoOx. In this latter
system, CoOx was proven to grow preferentially on SnO2, rather than exploiting

the chemical interaction between the ~PO3?~ anchoring groups and Co?* ions.
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4.1.6 From molecular to nanostructured WOC: the case of cobalt

oxide

The design principles described in Chapter 1 have been profitably directed to
attain effective molecular catalysts operating at low overpotentials and reaching
high TOF and TON values. However, stability issues associated with molecular
species have been found to be commonly accompanying their usage in

electrochemical regimes.

Especially first-row transition metal complexes, when studied in conditions
relevant to water oxidation, tend to undergo decomposition to their oxides,
producing heterogeneous catalytic films at the electrode surface. Stable devices
could benefit from the presence of nanostructured transition metal oxides as
WOC, more tolerant to the operational conditions. The most active heterogeneous
catalyst is indeed hydrated iridium oxide (IrOx-nH20), thoroughly studied in the
best performing TiO2-based photoanodes (vide supra). However, the
inapplicability of iridium-based devices on a large scale calls for resorting to base

metal-containing catalysts.

Nanostructured cobalt oxide has proven a valid electrocatalyst, able to oxidize
water to O2 with overpotentials as low as 350—400 mV in basic electrolyte.?** More
recently, cobalt oxide catalysts have been proven as effective also under acidic
medium. This would represent a viable alternative to iridium-based catalysts,
given the abundancy of the source metal, even though ethical controversies about

its supply have been raised and should be kept in consideration.

Co304 is a mixed-valence oxide with a spinel structure containing Co?* ions at the
Tq sites and Co®* ions at the On sites. The surface of Co30a4 crystals is partially
oxidized to Co""OOH, the oxidation degree depending on the applied electrode
potential. Further surface oxidation provides Co'VO2, producing anodic
voltammetric features that precede the catalytic water oxidation onset. The OER
mechanism catalyzed by cobalt oxide has been thoroughly studied both in

nanocrystals and molecular models in the last decade.?45-2%0
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Briefly (Figure 100), a two-electron oxidation at two neighboring Co'"'OH sites
produces two Co'VO oxo sites involved in nucleophilic attack towards water. The
resulting peroxo intermediate subsequently evolves to a superoxo fragment and
finally to O2 upon two further oxidation steps. It should be highlighted how each

oxidation step is a PCET involving proton abstraction by a base in the reaction

medium.
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Figure 100. Electrocatalytic mechanism of water oxidation by cobalt oxide-based
materials. Figure adapted with permission from 2%°. Copyright 2014 Nature Publishing
Group.

Various strategies directed to the preparation of cobalt oxide-functionalized
photoelectrodes have been evaluated in the literature. Notably, electrodeposition
of cobalt oxide films directly on an electrode surface was found convenient, the
very working electrode being used as a platform to grow the catalytic deposit to
be further employed. Systematic analyses elucidated how the electrodeposition

outcome would largely depend on the electrolyte composition, on the
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electrochemical conditions chosen (applied potential or current density) and on
the cobalt precursor. Indeed (vide supra) cobalt complexes tend to undergo
decomposition in aqueous environment under anodic conditions. While
detrimental towards molecular catalysis of the OER by cobalt complexes, it led to
synthetic approaches in which molecular complexes have been intentionally
decomposed to electrodeposit cobalt oxide. Examples involve controlled
electrochemical decomposition of cobalt oximes or EDTA complexes, aside from

simpler cobalt(ll) salts as discussed in Section 4.1.5 (Figure 101).246.251-257
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Figure 101. Structures of cobalt complexes used for deliberate electrodecomposition to

nanostructured cobalt oxide materials.

However versatile, this approach proved poorly controllable in terms of
nanoparticle morphology, composition and crystallinity. Oftentimes, the variegate
composition of the cobalt oxide deposits led to a generic label (CoOx), defying a

controllable determination of the heterogeneous active sites.

Finer synthetic approaches are based on the solvothermal decomposition of
cobalt molecular precursors in controlled reaction conditions. These methods can
reproducibly afford nanostructured crystalline CosO4 with a wide dimensional
range and different shapes such as cubes, rods, and spheres. For these reasons,
above cited literature reports tend to prefer solvothermal methods to obtain better

characterized catalytic materials. Electrodeposition, on the other hand, is a more
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convenient and usually more easily scalable method for preparing nanostructured

cobalt oxide.

4.1.7 Use of photoactive dye-WOC dyads in operational systems

In the scope of applying hybrid WOC-chromophore dyads to water oxidation, the
present work will be dedicated more extensively to DSPEC photoanodes based
on such dyadic systems. For these reasons, a more detailed treatment will be
hereafter provided about crucial parameters functional to description and
benchmarking of photoelectrodes. Photocatalytic studies as those described in
Chapter 5 will be instead treated as proof of reactivity of the dyads and as means
for mechanistic investigation, functional to their application in devices as
DSPEC's.

4.1.7.1 Efficiency parameters of photoelectrochemical cells

Screening of a photoelectrode relies on electrochemical methods in which its
current density response is measured under irradiation. Intermittent (chopped)
illumination current traces are often recorded to obtain a comparison, internal to
each experiment, between the photocurrent and the “dark” current (in the absence
of irradiation). Given the topic of the present section, the focus will be restricted

to photoanodes and their operation mechanisms.

The ability of the dye to photoinject electrons in the SCO and thus their
applicability in DSPEC’s can be independently studied by performing
photoelectrochemical experiments in the presence of sacrificial electron donors.
These are usually amines, ascorbic acid (vide supra) or Br, this latter resembling
in concept the cell scheme of DSSC’s. Sacrificial electron donors are kinetically
and thermodynamically easy to oxidize and undergo irreversible chemical
processes. Therefore, sacrificial agents allow the study of electron injection

dynamics in the absence of recombination.
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Incidentally, a photoelectrochemical response is observable beyond the
photocurrent onset potential, i.e., the voltage at which photoinduced electron
injection results in transport to the TCO and collection by the circuit. This latter is

another benchmarking parameter to consider when describing such systems.

When a WOC is introduced, its mechanism in light-activated processes at a
photoelectrode is expected not to differ from that observed in the dark. However,
electrocatalytic features of the catalyst are not observable in the
photoelectrochemical response, as more negative potential ranges are explored
in these experiments. The current observed under irradiation is therefore related
to the charge carriers being mobilized in the semiconductor film, rather than the

molecular species interacting with it.

i) The key parameter to characterize a photoelectrode is its steady-state
photocurrent density. It may be obtained from linear scan voltammetry (LSV) or
chronoamperometry experiments. In both cases, the photocurrent should be

evaluated as a function of the applied bias.

i) The Faradaic efficiency of photoelectrodes is a key parameter to determine
their efficiency and selectivity towards the desired catalytic reaction, as detailed
in Chapter 1. It is often the most informative parameter, indirectly accounting for
the efficiency of electron transfer management by the system and of the dark
cycle. However, the usually encountered low photocurrent densities pose a
prominent issue towards detection and quantification of reaction products. In the
case of the OER, O2 may be quantified by gas chromatography or dioxygen
sensors, upon running preparative scale photoelectrolysis experiments. However,
this time-demanding approach is prone to large errors due to the high detection
limits of the above methods with respect to the activity of the photoanodes.
Furthermore, the long electrolysis time required can impact on device chemical
stability, thus preventing an accurate quantification. Usually, electrochemical
strategies are preferred. The most commonly used is the two-plate generator-
collector (G-C) method.?%82%9 Briefly, it is a bipotentiostatic method in which the

photoanode is placed in the close vicinity of a second working electrode. Inert
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spacers are employed to prevent direct contact between the electrodes and to
maintain a thin layer of electrolyte between them (Figure 102). When the
photoanode is operated, alleged O2 generation occurs: therefore, it is denoted as
generator (G) electrode. The collector (C) working electrode is instead poised at
a negative potential, so to reduce O2 upon its diffusion through the thin electrolyte
layer. The role of the collector electrode is to detect the electroactive product
released from the generator, thus acting as an amperometric sensor. The
Faradaic efficiency of a photoanode may therefore be determined by integrating

the charge passing through the G and C electrodes and applying Eq. 42:

1
10l

QG Neoul

(Eq. 42)

The collection efficiency, nco, is specific of the G-C setup geometry and must be
independently determined via chronoamperometric experiments with generators
displaying known Faradaic efficiency for the OER.

Collector Generator
Oxygen sensor Photoanode
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k Collector
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Figure 102. Left: schematic representation of a two-plate generator-collector setup
used for trace oxygen detection. Right: simulated chronoamperograms associated with
the current response of generator and collector electrodes. The traces are simulated as

detailed in Appendix 1.
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i) The efficiency of incident light conversion into photocurrent by a photoelectrode
is quantified by the incident photon-to-current conversion efficiency (IPCE). It is

expressed as per Eq. 43:

)
IPCE (%) =¢e x 100 (Eq. 43)
hv

In Eq. 43, ®. and ®n, are the fluxes of electrons and incident photons,
respectively. The term ®e is related to the measured photocurrent density. The

photon flux, on the other hand, is related to the power of the incident light.219.220

IPCE may be expressed to highlight its physico-chemical significance in

microscopic terms by Eq. 44:

IPCE = LHE X @inj X @cou (Eq. 44)

The expression contains the terms @inj and @col, the injection and collection yields,
respectively. While @inj quantifies the fraction of excited dye molecules that inject
electrons in the SCO, @il is the fraction of injected electrons that are collected
through the circuit and not lost upon charge recombination. The light harvesting
efficiency (LHE), on the other hand, represents the portion of incident photons
that are absorbed by the photoactive element of the electrode (i.e., by the dye

molecules in a dye-sensitized photoelectrode), and is expressed by Eq. 45:

LHE =1 — 10—Absorbance (Eq 45)

Therefore, Eq. 44 highlights how the IPCE of a device might be limited by either
of the key processes necessary to achieve a net photoinduced charge flow
through the circuit, namely light absorption, charge injection, and charge
transport. If the latter two processes had unit efficiency, the maximum IPCE would
be limited by light absorption.
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Eq. 43 may be reformulated in terms of the photocurrent density (J, in pAcm—2)
and of the irradiance (P, in Wm=2) at each individual wavelength (A, in nm),

following Eq. 46:

Ja

IPCE ~ 1240 x
AX Py

(Eq. 46)

To obtain IPCE according to Eq. 46, the photoelectrochemical response must be
examined using monochromatic light sources. The implication is that an IPCE
spectrum may be reconstructed, as a function of the wavelength of the incident
light. These plots are denoted as (photo)action spectra and represent how the
device employs photons to produce the observed photocurrent response. Ideally,
the photoaction spectrum should match or be relatable to the optical spectrum of
the dye. It is also possible (and meaningful) to report an overall IPCE value by
considering the photocurrent density under polychromatic illumination and the full
emission spectrum of the light source (Eq. 47):

-1

I3
APAdl} (Eq. 47)

IPCE ~ 1240 x]x{
2o

iv) Each photoelectrode is characterized by specific optoelectronic properties. To
account for the utilization of absorbed incident photons by the photoelectrode, the
absorbed photon-to-current conversion efficiency (APCE) is introduced, Eq. 48. It

represents a parameter describing the internal quantum efficiency of the device.

IPCE

APCE = ——
LHE

= Qinj X Pcoll (Eq 48)
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5. Polyquinoid dye-cobalt oxide hybrids: novel rare
metal-free dyads for photoelectrochemical Water
Oxidation

5.1 Rationale

In the present chapter, the work involving cobalt oxide nanoparticles bound to a
shell composed of a polyquinoid organic chromophore is reported. These hybrid
materials have been proven as photoactive catalysts for the water oxidation

reaction. The work is a collaborative effort involving several research groups:

» Prof. Xavier Sala Roman, Prof. Jordi Garcia-Anton Avifio, Dr. Laia Francas
Forcada — Department of Chemistry, Universitat Autonoma de Barcelona.
Synthesis of the hybrids, photocatalytic studies;

* Prof. Andrea Sartorel, Ruggero Bonetto, Dr. Giulia Alice Volpato —
Department of Chemical Sciences, Universita degli Studi di Padova.
Photoelectrochemical studies;

* Prof. Pierluca Galloni, Dr. Federica Sabuzi, Mattia Forchetta — Department
of Chemical Science and Technologies, Universita di Roma Tor Vergata.
Synthesis of the chromophores;

* Dr. Nuria Romero, Prof. Karine Philippot — CNRS, Laboratoire de Chimie
de Coordination, Université de Toulouse. Synthesis of the hybrids,
transmission electron microscopy (TEM) characterization, photocatalysis;

+ Prof. Mirco Natali — Department of Chemical, pharmaceutical and
agricultural  sciences, Universita  di  Ferrara. Photophysical
characterizations of the hybrids.

» Dr. Marcos Gil Sepulcre and Dr. Olaf Rudiger — Max-Planck-Institut flir
Chemische Energiekonversion

The research in which | was directly involved is founded upon the complementary
expertise of the Nano and Molecular Catalysis group in Padova in dye-sensitized
photoelectrochemical systems and of researchers in the SelOxCat group in metal

and metal oxide nanoparticle synthesis. Synthesis and characterization of the
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particles will be described briefly, followed by a discussion of the photocatalytic

experiments and of their evaluation on photoelectrodes.

5.2 Synthesis and characterization of the hybrid particles

The synthesis of spherical cobalt oxide nanoparticles was performed via the
organometallic approach. This peculiar synthetic route involves decomposition of
an organometallic precursor under mild conditions (room temperature and 3 bar
of Hz), to generate metal particles in the presence of a suitable organic ligand
acting as a stabilizer.?*3 The synthetic outcome has typically a high reproducibility,
and the particle size dispersity and shape are controllable. In principle, the
organometallic approach affords well-defined nanoparticles that lend themselves
to post-synthetic modifications and potentially fine-tuning of their properties for
catalytic applications. In the specific case, cobalt oxide nanoparticles were
synthesized through a two-step method (Scheme 13). The first stage involved
decomposition of a cobalt organometallic compound, (cyclooctadienyl)(1,5-
cyclooctadiene)cobalt(l) [Co(n3-CsH13)(n*-CsH12)], to generate Co particles in 1-
heptanol (heptOH), acting both as solvent and stabilizer. The outcome is
constituted by spherical particles with a diameter of circa 3 nm, stabilized by a
hetpOH shell (CoePt©H), Subsequently, air diffusion in the suspension allowed for
controlled oxidation of the particles to generate Co304"P©OH TEM images of the

particles before and after air diffusion are provided in Figure 103.

1) 1-heptOH
H, (3 bar)

r.t. overnight

2) air diffusion
6 days

CO304heptOH

Scheme 13. Synthesis of Cos04"P°" following the organometallic approach.
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CoheptOH CO3O4heptOH

3.2+0.6 nm

air

Figure 103. TEM images of CoMP" (left) and Cos;04"P*°" nanoparticles (right).

These particles had been previously studied as WOC in electrocatalytic conditions
displaying promising onset overpotentials for the OER (0.29 V in 1 M NaOH and
0.77 V in pH 5.60 NaHCOs3/NazSiFs electrolyte). Subsequently, production of a
photocatalytic dye-catalyst dyad was undertaken. Dyads of such kind incorporate
in a single entity several chromophore units bound to a catalyst particle and are
supposedly designed to provide a controllable catalyst:dye ratio and a fast
electron transfer pathway (vide supra). Co304"POH has been studied in
photocatalytic dyads comprising ruthenium bipyridyl derivatives bound to the
particles through phosphonate moieties in the ligand scaffold. These were applied
for the OER in photocatalytic systems based on the use of S20s?~ as sacrificial
electron acceptor, reaching a TON for O2 evolution up to 82 with TOF 2.05
molmin~ referred to Co304"eP°H (2.53 TON and 0.063 molmin-! when referred to
the RuPS).

In the current project, the dyad was constituted by choosing organic polyquinoid
chromophores, denominated KuQuinones (KuQ), represented in Figure 104.
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KuQ3P KuQ-Hex

Figure 104. Structure of the KuQuinone core, with different side chains.

These were discovered and synthesized by the group of Prof. Pierluca Galloni
(University of Rome Tor Vergata, Rome), and thoroughly studied in terms of their
redox and optical properties.??%-26” The KuQ dyes are well suited for application
in the photoanode of a WS-DSPEC. Indeed, it was demonstrated that KuQ dyes
can manage and partake in proton-coupled electron transfer (PCET) events, both
in the ground and excited states. This highly valuable feature is beneficial in the
scope of targeting multi-electron, multi-proton electrochemical reactions such as
water oxidation. Indeed, the structural quinoid motif is found in natural
photosynthetic systems, employing quinones as paramount electron transfer
relays. KuQuinones exhibit absorption in the visible region (vide infra), their singlet
excited state is highly oxidizing (> 2 V vs NHE; 2.34 V vs RHE), and they can
inject electrons from their reduced form (E%ua/kua-— = 0.08 V vs NHE at pH 5.8;
0.42 V vs RHE) in the conduction band of meso-SnOz2 (Ec = 0.16 V vs NHE at pH
5.8; 0.50 V vs RHE). In a previous joint report with NanoMolCat, KuQ dyes were
employed to sensitize SnO2 and produce water oxidizing photoanodes in
conjunction with a ruthenium polyoxometalate catalyst (RusPOM, mentioned in
Section 4.1.5), with a photocurrent density of ~20 yumAcm=2 at 0.6 V vs Ag/AgCl
and Faradaic efficiency for the OER up to 75 %.256 Lastly, the dyes can bear side
chains that do not impact on the chromophore core, while imparting different acid-

base and solubility properties.
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In this project, KuQ dyes with pendant phosphonate (KuQ3P) and carboxylate
(KuQ3C) moieties were used, exploiting the side chains to anchor them on the
surface of Co304"ePOH  |ncidentally, carboxylate and phosphonate groups can
indeed be used to anchor organic molecules on the surface of metal oxides,
including SCO films. The hybrid particles will be denoted KuQ3P@Co304hertoH
(n =0.05, 0.1, 0.2, where n are the nominal equivalents of KuQ with respect to
Co304MPtOH ysed in the synthesis) and KuQ3Co.1@Co0304nePtoH,

The hybrid particles were synthesized by simply stirring KuQ3P or KuQ3C for 4
days in a CH3OH/H20 mixture (Scheme 14) and were characterized by means of
infrared spectroscopy, transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM), and X-ray absorption spectroscopy (XAS, in the
facilities of the ALBA synchrotron in Cerdanyola del Vallés, Barcelona, in
collaboration with Dr. Marcos Gil Sepulcre and Dr. Olaf Rudiger). The elemental
composition of the particles was analyzed by optical emission inductively coupled

plasma (ICP-OES) and ICP coupled to mass spectrometry (ICP-MS).

[0}
\\
1) n eq KuQ3P =P
> o
CH3OH / H,0
4 days, R.T.
2) Centrifugation and washing

CO304hePt°H n=0.05,0.1,0.2 KuQ3Pn @ Co304heptOH
e /—*\\
/ 1) 0.1 eq KuQ3C >
CH;0H / H,0
4 days, R.T.
AN / -
\_ _/// 2) Centrifugation and washing
COgO,;hep'OH n =0.05,0.1,0.2 y 13C, C , heptO

Scheme 14. Synthesis of KuQ3P,@Co03;04"*°H (top) and KuQ3Cop 1@Co30,ertH
(bottom) hybrid nanoparticles.
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The TEM analysis of the particles highlighted a substantial modification of their
environment. A modest diameter increase of the particles to circa 4 nm was
observed, consistent with a negligible degree of particle aggregation.
Furthermore, the particles were found surrounded by a gray matter of yet
unspecified origin. By analyzing the particles via HR-TEM, it was found that the
cobalt oxide nanoparticles had retained their crystallinity after KuQ binding. The
gray matter surrounding the nanoparticles, when analyzed by HR-TEM and EDX
(energy-dispersive X-ray spectroscopy), displayed punctiform features that were

revealed to contain cobalt (Figure 105).

3.9+0.6 nm

Aire 002

Element (keV) Mass#k Counts Sigma Atom®
NK 0.392 42.51 182.72 4.30 75.29

P K 2.013 1.34 13.56 5.29 1.07

Co K (Ref.) 6.924 56.15 356.70 5.2% 23.64
Total i00.00 i00.00
Aire 003

Element (keV) Mass#k Counts Sigma Atom®
NK 0.392 18.69 144.26 2.13 49.10

P K 2.013 0.22 3.93 2.39 0.26

Co K (Ref.) 6.924 81.10 §25.15 4.54 50.64
Total i00.00 i00.00
Aire 004

Element (keV) Mass®h Counts Sigma Atom®
C K* (Ref.) 0.277 83.76 778.08 2.14 85.94
NEK! D.392 15.90 218.48 1.4% 13.99
P K WD KD

Co K 6.924 0.34 7.86 2.62 0.07
Total 100.00 io0.00

Figure 105. Top: TEM (left) and HR-TEM (right) images of KuQ3Pg.1@Co304"POH
hybrid nanoparticles. Bottom: EDX analysis results of different sites, highlighting the

different composition of nanoparticles, grey matter, and grid (used as reference).
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XAS analysis of the hybrids highlighted different XANES (X-ray absorption near-
edge structure) and EXAFS (extended X-ray absorption fine structure) features
with respect to the pristine Co304"PtH (Figure 106). This latter was instead found
consistent with CosO4 spinel-structure. In particular, the XANES of the hybrids is
radically different in comparison with Co(0), CoO, Co(OH)z2, Al2C0"O4, and Co30a4.
The decrease of intensity in the pre-edge indicates a more pronounced octahedral
degree of the geometry of the otherwise tetrahedral Co' sites. In the EXAFS, the
Co-Co band characteristic of the spinel is lost while new species dominate the
spectrum. Most probably, the sample is constituted by a mixture of a new species
and of Co304 spinel. Preliminary attributions ascribe the observed features to the
formation of Co single atoms upon KuQ binding, in particular the disappearance
of the FT-EXAFS signals associated to Co-O and Co-Co interactions. The lack of
closely interacting cobalt sites suggests the formation of single Co atoms, possibly
in an octahedral coordination environment. However, a more detailed
investigation is currently being carried out to further elucidate the nature of these
atoms and their potential role in the operational mechanism of the hybrid dyads

towards water oxidation.

Interestingly, attempts at producing a hybrid material upon treatment of
Co304MePtOH with KuQ-Hex (Hexyl KuQuinone, see Figure 104) proved successful,
with features ascribable to Co atoms identified by HR-TEM and EDX. The possible
chemical interaction between the cobalt oxide and the KuQ-Hex lacking an
anchoring moiety might involve the oxygen (enolate) donor sites at the
chromophore core, as detailed below. Regardless, the formation of Co atoms is
related to the nature of the KuQ dye, independently on the chemical identity of its
side chain. This is further supported by the absence of Co atoms in the analogous
RuPS@Co304 dyads. Further studies on the identity of the interaction between
KuQ-Hex and cobalt oxide are currently ongoing. However, the strongly
hydrophobic nature of the dye prevented suspension of the particles in water-
based media for photocatalysis, while suspending the hybrids in organic solvents
resulted in detachment of KuQ-Hex. For these reasons, the system was not

investigated in catalytic conditions relevant to the OER.
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The study reported insofar, albeit incomplete, highlights the more complicated

nature of the hybrids. These do not simply involve a chemical bond of KuQ to

Co304"eP!OH byt are rather based on more complex interactions probably involving

dye-dye interaction by 1-stacking at a significant degree.
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Figure 106. XANES (top) and EXAFS (bottom) of KuQ3Po 1@Co0304"P*°" nanoparticles

compared with pristine Coz04"*°" and several cobalt-containing references

compounds.
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5.3 Photocatalytic experiments

The particles were then evaluated for the photocatalytic water oxidation reaction
in aqueous electrolyte (NaHCOs/NazSiFs, pH 5.6), under simulated solar visible
(A > 400 nm) light irradiation from a Xe short-arc lamp in the presence of 84 mM
S20g? as a sacrificial electron acceptor, at the same concentration of cobalt oxide
particles (~0.7 g/mL). Evolution of O2 was followed via a Clark sensor inserted in

a thermostated and sealed glass reactor (Figure 107).

2H,0

S,05”"
pH 5.8
Wavelength > 400 nm

KuQ3P,@Co,0,"eptoH

n=0.1

t{h)

Figure 107. Top: photocatalytic oxygen evolution promoted by the
KuQ3P,@Co304""*°" hybrid dyads. Bottom: oxygen evolution kinetics for
KUQ3Pn@CO3O4heptOH.
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The KuQ3Pn@Co304"P°H particles displayed activity with a trend depending on
the dye : catalyst stoichiometric ratio. In particular, the activity (expressed as umol
O2 evolved over 5 h of irradiation) followed a reproducible trend
KuQ3Po.1@Co0304MPOH > KuQ3Po.s@C0304"¢POH > KuQ3Po.2@Co304MePOH,
producing 0.5, 0.3 and 0.1 umol O2 after 5 h irradiation, respectively. The
observed trend is coherent with the mutual influence of the molar amount of
KuQ3P on the photoactivity of the system and on the availability of the cobalt
oxide surface active sites upon dye binding. The KuQ3P equivalents in the hybrids
impact on both parameters with an opposite trend, and the overall better
performance of KuQ3Po.1@Co0304"P°H may therefore be justified on the basis of
a balancing effect between the two. A similar observation was in fact reported in

the case of the previously described RuP@CoOx hybrids.?*3

The KuQ3Co.1@Co0304"PIOH on the other hand, displayed a lower activity (< 0.2
umol Oz after 5 h), comparable with the cobalt oxide particles in the absence of
KuQ. This is likely attributable to the lower stability of the carboxylate anchoring
group with respect to the phosphonate, causing leaching of the dye. Furthermore,
suspending unsensitized Co304"¢P°H in the presence of 0.1 equivalents of KuQ3P
in the reaction solution did not afford an active system, again displaying the

features of experiments conducted with Co304"PtCH only.

As a parallel control experiment, the assembly of the hybrid dyad was attempted
in the aqueous NaHCOs/Na2SiFe buffer in the absence of light and persulfate. By
stirring a suspension of the Co304"Pi°H particles in the presence of 0.1
equivalents of KuQ3P, discoloring of the initially red dye liquid phase was
observed after several hours. ICP analysis of the solid and liquid phases
suggested that the phosphonate dye had quantitatively bound to the cobalt oxide
particles, thus generating a hybrid dyad (see the Experimental Section of the
present Chapter for details). Consistent observations were garnered by HR-TEM
and XAS (data not shown). It was then concluded that the inability of the system

produced by mixing the separately added components to display catalytic activity
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could be attributed to a faster dye degradation preventing in situ formation of the

hybrid in the reaction environment.

ICP analysis of the reaction mixtures after irradiation of suspensions of
KuQ3Pn@Co304"POH revealed the presence of phosphorus, deriving from the
KuQ3P, only in the liquid solution. These findings suggested that deactivation of
the photocatalytic system is related to the detachment of KuQ from Co304"eptOH,
Given the colorless nature of the liquid phase, the simple decoordination of the
deeply colored water-soluble KuQ3P was excluded. The hypothesis that the
molecular structure of the KuQ could be altered during photolysis leading to loss
of the anchoring chain was then considered. However, no species displaying the
spectroscopic features of the KuQ chromophore could be recovered by solvent
extraction of the liquid phase with dichloromethane. Therefore, we hypothesized
that the transformation of the dye involves contextual loss of the side chain and

disruption of the chromophore core.

Consistent examination of the particles after photocatalysis by TEM, HR-TEM,
and XAS showed the disappearance of the features associated with the grey
matter containing the single atoms, with a particle diameter increase to circa 5
nm. Briefly (Figure 108), the XANES of the starting Co304"POH is partially
recovered for the material after catalysis, with a shift of the edge and of the white
line suggestive of a higher degree of oxidation of the cobalt centers, in particular
of Co' to Co''. The FT-EXAFS displays signals indicative of the Co-Co distance
recovered after catalysis; overall, the spectrum matches with Co304"eP°H glbeit
with a shorter Co-Co distance, coherent with a higher fraction of Co'" ions. It is
therefore possible to propose that, after photocatalysis, the alleged molecular,

single-atom Co species are not observable.
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Figure 108. XANES (top) and EXAFS (bottom) of pristine KuQ3P, 1@Co3s04""°" (red
traces), Coz04"P" (green traces) and KuQ3Po 1@Co3;04"P*°H after photocatalysis

(violet traces).

These considerations combined point to a chemical disruption of the hybrid dyads
in the aggressive environment found in photocatalysis. Deactivation of the
photocatalytic hybrid system could reasonably be ascribed to bleaching of the
organic dye, usually regarded as the weak point of a dyad composed by inorganic,
nanoparticulate and organic, molecular units. Dye decomposition would also
account for decomposition of the single-atom species, in turn generated upon dye

binding to Co304"POH Further dye decomposition studies are being planned to
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probe the hypothesis of a decomposition route based on the attack of KuQ by

sulfate radicals (SO4"~) formed upon cleavage of the persulfate peroxo bridge.

5.4 Photophysical studies on the hybrid particles

The photocatalytic reaction mechanism was further studied via fluorescence
quenching experiments by Prof. Mirco Natali (University of Ferrara). Briefly, it was
found that fluorescence of KuQ in the dyads is strongly quenched by CozQ4"eptOH
thus suggesting a fast quenching process from the cobalt oxide. This is consistent
with previous findings indicating that the highly oxidizing excited state of KuQ dyes
displays a high tendency to undergo reductive quenching (with concomitant
oxidation of Co304"P©OH), The residual emission observed was ascribed to
possible dye detachment, due to the same lifetime of the excited state of KuQ in
the hybrid as in the free state (0.50 ns). The failure to observe any other emission
lifetime suggests that ET from Co304 to KuQ* is extremely fast (< 0.2 ns, the
instrumental limit of the setup, corresponding to a quenching constant k > 5-10°
s~"). Conversely, neither ""KuQ nor 3*KuQ quenching by persulfate was observed,
thus supporting the role of "KuQ reductive quenching by the WOC. Thus, we
proposed a mechanism for the photocatalytic cycle, in which catalysis is initiated
by light absorption by the KuQ to produce the singlet excited state "*KuQ, then

involved in oxidation of the cobalt oxide catalyst (Figure 109).
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Figure 109. Left: emission quenching experiments registered for the free KuQ3P dye
(black trace) and KuQ3Po.@Co304"P°" (red trace), registered in NaHCO3/Na,SiFs (pH
5.2) electrolyte. Aexc = 355 nm. Inner filter scattering effect is reasonably negligible.
Right: proposed photocatalytic cycle for the OER by the KuQ3P,@Co304"POH,

Previous studies on electrodes produced by sensitizing SnO2 with KuQ3C and
adding a ruthenium polyoxometalate catalyst support our hypothesis that a

reductive quenching mechanism could be active also on our photoanodes.

We then aimed at translating the proven reactivity of the dye-catalyst hybrids in
photocatalysis to a SnO2 semiconductor, developing a regenerative photoanode

while getting rid of the persulfate electron acceptor.

5.5 KuQ3P.@Co30:"P*°" on meso-Sn02: hybrid dyads for

photoelectrochemical water oxidation

We then focused on producing the photoanodes based on the hybrid dyads.
Meso-SnO2 was chosen as the SCO due to its low conduction band edge, with an
increased driving force for charge injection with respect to TiO2. Incidentally,
however, it was reported that also recombination kinetics are much faster in SnO2
sensitized films, thus counteracting the benefits provided by the greater driving
force for injection.?® Nonetheless, optimized photoanodes based on sensitization
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with KuQ3P and KuQ3C were obtained with meso-SnOz2 as the SC0O.%7 This was
our substrate of choice also in the current project. SCO films were prepared by
Dr. Giulia Alice Volpato (University of Padova) by blade-coating on FTO a paste
of colloidal tin oxide, then thermally treated and sintered to produce mesoporous
films with 2 pm thickness.?®® Dropcasting of colloidal suspensions of the
KuQ3Xn@Co0304"PH particles in distilled THF afforded the photoelectrodes. In
order to have a point of comparison between the hybrids, we decided to introduce
an amount of particles to attain the same nominal dye loading, i.e. the same
number of dye molecules in all cases (140 nmoldyecm=2). The calculations were
based on the formal molar weights of the hybrids and the nominal dye molar
amount as per the ICP data. The electrodes were then tested in a three-electrode,
one-compartment photoelectrochemical cell constituted by a silver/silver chloride
(3 M NaCl) reference electrode (RE), a glassy carbon counter electrode (CE), and
FTO/SnO2/KuQ3Xn@Co304"POH as the working electrodes (WE). The incident
light intensity was measured for each electrode with a silicon photodiode
connected to a multimeter. A long-pass filter (A > 400 nm) was employed to cut

the UV radiation and avoid direct band excitation.

Initially, the photoelectrodes were tested by cyclic (CV) voltammetry in aqueous
NaHCOs/Naz2SiFs (pH 5.8) electrolyte. The materials displayed the
electrochemical features of cobalt oxide-based electrocatalysts for the OER,
specifically an electrocatalytic discharge on the forward scan, associated with
water oxidation?** (with an onset potential of circa 0.8 V vs Ag/AgCl), and the
reduction of the cobalt centres (as two ill-defined peaks at 0.63 + 0.77 V vs
Ag/AgCl) to restore the starting form of the oxide on the backwards scan (Figure
110).

234



Co,0,erton KuQ3P,@Co,0,"""
050, 0.75 4 0.05
' —01
—0.2
o N 0504
£ £
< <
0.25 4
E E o251
0.00 4
0.00 4
T T . T T T T 0.25 +— T r . r T T
00 02 04 06 08 10 12 00 02 04 06 08 10 12
E /V vs Ag/AgCI (3M NaCl) E /V vs Ag/AgCl (3 M NaCl)
1.25 9
5 KUQSCO 1@00301hep|0H 025 | KUQ3P“@CO304hEDtOH
' 0.05
1.00 1 J—
—0.2
o 0.75- B
£ §
2 <
£ 0501 £
7 0254 0.00
0.00
-0.254— T r r r r T T T T ]
00 02 04 06 08 10 12 0.4 0.6 0.8 1.0 1.2
E /V vs Ag/AgCl (3M NaCl) E /V vs Ag/AgCI (3 M NaCl)

Figure 110. CV traces of Co3;04"P°"-based particles deposited on FTO/SnO;
electrodes, registered in NaHCO3/Na,SiFs (pH 5.8) electrolyte, scan rate 0.020 Vs™.
Top left (gray trace): Cos04"P*°H; bottom left (green trace): KuQ3Co 1@Co30,POH;
right: KuQ3P,@Co304"P°" (n = 0.05, black trace; 0.1, blue trace; 0.2, red trace). The

inset (bottom right) focuses on the return scan.

Interestingly, the hybrid particles display anodic discharges which shift anodically
as the amount of KuQ3P in the shell of Co304"¢P°H increases (Figure 109).
Moreover, KuQ3Po.0s@Co0304"POH exhibits a pre-wave peaking at 1.05 V vs
Ag/AgCl that is absent for KuQ3Po.1:0.2@C0304"PH, The voltammetric trace of
KuQ3Po.2@Co0304"¢POH  on the other hand, is characterized by reproducible curve
crossing at 1.00 V vs Ag/AgCl, which is retained after the first cycle. The attribution
of such features was not attempted, however likely residing in the surface

modification of Co304"PH upon KuQ3P binding.

The photoanodes were analyzed by open-circuit chronopotentiometry (OCCP)

under irradiation (Figure 111). Incidentally, the electrodes were illuminated
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through the back contact, to minimize the exciton travel length. In experiments
under irradiation, the electrodes were illuminated by a Xe short-arc lamp, with a
nominal irradiance of 1 Sun (100 mWcm~2). OCCP was performed by measuring
the open-circuit potential (Voc) as a function of the irradiation time. Irradiation was
sustained for 120 s, then the potential was recorded for 30 s in the dark. The
substantial voltage drop under illumination (173 + 189 mV) and the slow recovery
trace in the dark both indicate an effective mobilization of charge carriers in the
SnO:z2 film upon light absorption by the photoelectrode. Electrodes prepared with
unsensitized Co304"POH display a much lower voltage drop (82 mV) and a fast
recovery trace, with Voc rapidly reaching its pristine value in less than 30 s.
Incidentally, the open circuit potential of the photoelectrode is dependent on the
ratio between the rate of charge injection and charge recombination according to
Eq. 49.219:220

Voc (Eq. 49)

kBT ( ratecharge in >
> In

ratecharge out

Where ks is the Boltzmann constant (1.380649-10-2% JK~'), T the temperature in
Kelvin, e the elemental charge (1.602:10-'° C) and ratecharge in and ratecharge out the

rates of charge injection and recombination, respectively.

The observed decrease of Voc under illumination indicates a positive shift of the
quasi-Fermi level of the electrons in SnOz2, in turn corresponding to a greater
relative rate of charge injection under illumination conditions when the dye is

present.
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Figure 111. Open-circuit chronopotentiograms recorded in the dark (30 s), under
illumination (120 s), and in the dark after illumination (30 s). Top left (gray trace):
Co304POM; top right (blue trace): KuQ3Po 0s@Co304™PH; bottom left (black trace):
KuQ3P,.1@C0304"PM; bottom right (red trace): KuQ3Po.@Co304"P*°H, Measurements
were recorded in NaHCOa3/NazSiFs (pH 5.8) electrolyte.

The voltammetric profile was analyzed by comparing cyclic voltammograms under
dark, intermittent and continuous illumination. In all cases but the latter, the return
scan was acquired without illuminating the photoanode. The discussion herein
provided will focus on KuQ3Po2@Co304"POH as a representative of the hybrids
(Figure 112). Under continuous illumination, a pseudo-diffusional couple is
observed (Epa = 0.35 V vs Ag/AgCI, Epc = 0.21 V vs Ag/AgCl) that is completely
absent in the dark trace. Moreover, in the forward trace under intermittent light the
increase in photocurrent as the applied bias becomes more positive is associated
to the progressive disappearance of recombination spikes past the anodic peak

observed under continuous illumination. These observations are rationalized in
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terms of mobilization of photoinjected charge carriers in SnOz2, displaying quasi-
diffusional behaviour in the micrometer-thick semiconductor film. Indeed, the
driving force for charge collection by the FTO contact increases with the applied
bias after Epa, close in value to the conduction band edge of SnO2 (~0.3 V vs
Ag/AgCl).266
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Figure 112. CV traces recorded for KuQ3P,.@Co03;04"*H in the dark dark (black,
dashed trace) and under chopped (red, full trace) or continuous (blue, dotted trace),
registered in NaHCO3/Na,SiFs (pH 5.8) electrolyte, scan rate 0.020 Vs™'.

The electrodes were further studied by linear scan voltammetry (LSV) and
chronoamperometry (CA) under intermittent illumination. LSV traces were
recorded between 0.00 and 0.80 V vs Ag/AgCl, i.e., in a less positive potential
range than the one required for electrocatalytic OER by cobalt oxide
(underpotential regime). The hybrids displayed higher photocurrent densities at
every applied potential with respect to the unsensitized Coz04"PI°H (Figure 113),
suggesting the role of KuQ3P acting as the light harvester. Charge recombination,
being a bias-dependent process, was not observable at potentials more positive
than circa 0.3 V vs Ag/AgCI (conduction band edge of SnO2, vide supra), as

indicated by the disappearance of cathodic current spikes when interrupting the
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irradiation. After an initial decay of the photocurrent, the segments recorded under
illumination displayed nearly constant photocurrent densities of 10 pAcm™.
Incidentally, the initial photocurrent densities were higher for
KuQ3Po.1@C0304"PH and KuQ3Po.2@Co304"POH (36 and 37 yAcm=2 at 0.2 V
vs Ag/AgCl, respectively) than for KuQ3Po.s@Co304M"POH (16 yAcm=—= at 0.2 V vs
Ag/AgCl).

A comparison with the photocatalytic reactions based on the maximum molar
amount of evolved Oz in photocatalytic experiments (vide supra) may be provided.
However, given the intrinsic differences between photoanodes and colloidal
photocatalytic reactions and the different criteria chosen to operate, caution is
required. In particular, the photoelectrodes were prepared by keeping the nominal
amount of KuQ dye constant, while the photocatalytic reactions were compared
at the same mass concentration of colloidal catalyst. In the former case,
photocurrent is proposed as a more operatively convenient indicator of the
photoelectrochemical performance of the hybrid dyads. Notably, differences in the
photocurrent trend (KuQ3Po2@Co0304M"POH =  KuQ3Po.1@Co0304M"POH <
KuQ3Po.05@Co0304"POH) are observed in comparison with the hybrids studied in
photocatalysis. The attribution of this observation is based on the higher number
of electrons photoinjected in SnO2 and therefore mobilized by
KuQ3Po.1@C0304"POH and KuQ3Po.2@Co304"POH possessing a higher density
of chromophore molecules in contact with the WOC particles than their poorer
counterpart KuQ3Po.o5@C0304"ePtOH,
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Figure 113. LSV traces under chopped illumination of the hybrid nanoparticles. Top left
(gray trace): Cos04"P*H; top right (blue trace): KuQ3Po.0s@C0304M"PM; bottom left
(black trace): KuQ3Po.1@Co304"PH; bottom right (red trace): KuQ3Po .@Co30,POH,
registered in NaHCO3/Na,SiFs (pH 5.8) electrolyte, scan rate 0.020 Vs™.

After the chopped voltammetric screening, the electrodes were tested by CA
performed at 0.6 V vs Ag/AgCl, i.e., an applied bias where the current response
was not affected by charge recombination. The most promising hybrids,
KuQ3Po.1@C0304"POH and KuQ3Po.2@Co304"POH displayed initial photocurrent
densities of circa 30 pAcm~2, rapidly decaying to 5 + 10 yAcm=2 over the course
of the 20 s experiment (Figure 114). The rapid polarization of the photoelectrode
therefore led to low steady-state photocurrents under polychromatic light
irradiation. Indeed, an almost quantitative recovery of the initial photocurrent, with

superimposable CA traces, could be achieved either by allowing the photoanode
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to rest until its potential reached its original OCP value (~ 0.20 V vs Ag/AgCl) or
by performing a 60 s CA in the dark at 0.00 V vs Ag/AgCl. Such finding indicates
that the photocurrent decay is ascribable to a non-optimized managing of the
mobilized charges upon light irradiation, rather than physical or chemical
degradation of the device.
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Figure 114. Chronoamperograms of KuQ3P, 1@Co3;04""*°H (left, black trace) and
KuQ3P, @Co304™*™H (right, red traces), registered at 0.6 V vs Ag/AgCl in
NaHCOs/NazSiFs (pH 5.8) electrolyte.

Notably, KuQ3Co.1@Co304"¢PI°H also displays a modest photoelectrochemical
activity, albeit its unremarkable performance in photocatalytic systems (Figure
115). The initial photocurrent densities at 0.6 V vs Ag/AgCl and their value after
20 s of illumination, 8 and 5 yAcm=2 respectively, are both much lower than for
KuQ3P-based hybrids. The overall worse performance of KuQ3Co.1@Co0304"ePOH,
displaying photocurrent densities only 50% greater than unsensitized Co304hertoH,
is attributable to a less stable dye-WOC interaction that impairs its usability,
consistently with the photocatalytic trials.
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Figure 115. Left: LSV trace under chopped illumination of KuQ3Co.1@C0304"ePtOH,
registered in NaHCO3/Na,SiFs (pH 5.8) electrolyte, scan rate 0.020 Vs™'. Right:
chronoamperogram of KuQ3P, 1@Co304"r*H registered at 0.6 V vs Ag/AgCl in

NaHCOs/Na;SiFe (pH 5.8) electrolyte.

5.6 Faradaic efficiency for the Oxygen Evolution Reaction

To assess whether the photocurrent response corresponded to oxygen evolution
and to quantify the Faradaic efficiency (FE) of the supposed photoelectrocatalytic
process, generator-collector chronoamperometric experiments were performed,
the outcome of which is displayed in Figure 116. The setup used was the same
described in previous reports by our group.239266 Briefly, the collector electrode
was an FTO slide poised at —0.9 V vs Ag/AgCl, closely spaced from the
photoanode to produce a thin layer of solution with a narrow length for the evolved
O2 to travel to reach the collector and be reduced. Further details are provided in
the Experimental section of the present chapter. The FE of the process occurring
at the generator was estimated upon integration of the charge passed at both
electrodes during the experiment, after calibration of the amperometric sensor to

determine its collection efficiency.
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Figure 116. Chronoamperograms recorded in a two-plate generator-collector setup to
detect evolved O». Top left: KuQ3P.0s@C03s04"PH; top right: KuQ3Po 1@Co0304"PH;
bottom left: KuQ3Po .@C030,4""°H; bottom right: KuQ3Co.1@Co0304"P°H. The generator
was poised at 0.6 V vs Ag/AgCl, the collector was poised at —0.9 V vs Ag/AgCl,
registered at 0.6 V vs Ag/AgCl in NaHCOs/Na;SiFe (pH 5.8) electrolyte.

The FE of the electrodes was determined to be close to 90% for almost all the
hybrids except for KuQ3Po.0s@C0304"P°H (69%) (results are summarized in
Table 8). Overall, the values observed are coherent with other DSPEC
photoanodes containing organic dyes and cobalt oxide nanoparticles as the
catalyst. Based on these results, the performance of the dyads may be compared
based on photocurrent attained and FE values for the OER. Indeed,
KuQ3Po.1@Co0304"POH and KuQ3Po@Co304"POH display the best features
among the series. The lower value observed for KuQ3Po.05@C0304"POH might

be related to the non-catalytic pre-wave feature observed in the CV without
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illumination. Notably, an 87% FE was determined for KuQ3Co.1@Co304"ertoH
supports the potential applicability of this hybrid as photoactive dyad, albeit

suffering from a less stable dye-chromophore interaction.

5.7 Photoelectrochemical response under monochromatic

illumination

The response of the photoanodes was analyzed under monochromatic irradiation
to positively ascribe the photocurrent to the presence of the KuQ3P
chromophores. A 150 W Xe short-arc lamp was thus coupled to a monochromator
and several chronoamperometries were recorded at 0.6 V vs Ag/AgCl, irradiating
the electrode with wavelengths spaced by 10 nm. The photoaction spectrum of
the electrodes was recorded in terms of the incident photon-to-current conversion
efficiency (IPCE) as a function of the wavelength of the incident light. The power

of the latter was independently measured with a photodiode.

From the shape of the photoaction spectrum, it is possible to discern information
about the species imparting photoactivity to the electrode, i.e., the dye (Figure
117). In the specific case, low IPCE values were determined (IPCE = 0.44% at
510 nm for KuQ3Po.2@Co304"POH) but the IPCE spectra matched well with the
optical spectrum of the KuQ dyes. The low values of IPCE are ascribable to the
modest photocurrents and to the nature of the electron transfer events occurring
through the photoactive ink deposit on SnO2. Specifically, inter-particle and
therefore inter-chromophore interactions could play a detrimental role (vide infra).
The observed values are consistent with the previously reported
Sn02/KuQ/Rus(POM) photoanodes, reaching IPCE up to 0.12%.256
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Figure 117. IPCE photoaction spectrum (red squares) for
FTO/SnO2/KuQ3P,.@Co304"P°H photoanodes, superimposed to the absorption
spectra of FTO/SnO./KuQ3C electrodes with the dye in the enolate (orange trace) and
enol (magenta trace) forms. Chronoamperometries were registered at 0.6 V vs Ag/AgCI
in NaHCOa3/Na,SiFs (pH 5.8) electrolyte.

Additionally, the operational chemical state of the dye in the dyad could be
determined indirectly from the photoaction spectrum: KuQ dyes can in fact
partake in keto-enol tautomerism and enol-enolate equilibria at the level of the
pentacyclic core depending on its protonation state, the enol and enolate forms
displaying different optical spectra. Indeed, IPCE spectra support the KuQ3P

chromophore in its enolate form in the dyads, as discussed below.

As a complementary experiment, the photoaction spectrum was recorded with
monochromatic LED light sources, to provide a higher power of incident light
especially in the low-energy spectral range, where the photocurrent response of
the electrodes is minimum. The analysis was performed with four LED’s, at 680,
590, 530, and 490 nm. The IPCE spectrum restricted to this region matched
unequivocally with the optical absorption of KuQ dyes in their enolate form, further
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supporting the hypothesis that the enolate state of KuQ3P is involved in the hybrid

dyad formation; points at 680 and 590 nm are included in Figure 117.

5.8 Comparison with SnO2/KuQ/Co0304"Pt°H photoanodes

A key comparison with the “unbound” system, i.e. a photoanode constituted by
sensitized SnO2 and unsensitized Co304"P°H (FTO/SnO2/KuQ3C/Co304"ePOH) is
required to assess the advantages of the hybrid dyads. Indeed, such advantages
have already been discussed in terms of performance of photocatalytic systems.
However, the intrinsically different reaction symmetry of a photoelectrode calls for
a dedicated investigation: the proximity between the dye and the catalyst should
in principle allow for a functional photoelectrochemical device despite the lack of
a direct chemical interaction between KuQ and the WOC. The use of KuQ3C for
sensitizing SnO2 was chosen because of the optimal binding and electronic
communication between SnO2 and KuQ3C over KuQ3P granted by the
carboxylate linker, as was reported by Volpato et al.?%6 Photoanodes were
prepared by soaking FTO/SnOz electrodes in a 0.11 mM KuQ3C solution in THF
for 24 h. After soaking, SnOz2 displayed an orange colour, due to binding of KuQ3C
in its enolate form generated upon deprotonation of the enol group by SnOz2. The
films were subsequently treated with aqueous H2SO4 (pH 2) to convert the dye to
its pink, enol form, and dried. The photoelectrodes were characterized by optical
absorption spectroscopy. Dye loading was estimated to be (140 nmolcm=2) by
spectroscopic analysis. The spectroscopic features of the dyes were identified
both in the enolate, orange form (Amax 510 nm) and in the enol, pink state (Amax
533 nm, 570 nm), Figure 118. The two absorption maxima displayed by electrodes
obtained after acidic treatment were red-shifted with respect to solutions of KuQ,
with a worse-resolved character of the peaks. Both observations were attributed
to dye aggregation on the SCO film. Indeed, KuQ-functionalized photoanodes rely
on Tr-stacking of dye molecules constituting a locally hydrophobic layer266.267 that
prevents spontaneous deprotonation of the dye molecules (pKa 4.7)?% in the

electrolyte solution.
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Figure 118. Left: acid-base equilibrium involving the enol (pink) and enolate (orange)
forms of KuQ, occurring both in solution and on the electrodes. Right: electronic
absorption spectra expressed as a function of LHE for FTO/SnO2/KuQ3C electrodes

containing the enolate (orange trace) and enol (pink trace) of the dye.

The photoanodes, displaying 70% LHE at 533 nm, were functionalized by
dropcasting a 2.18 mg/mL suspension of Co304"POH in methanol, to attain a
nominal dye : WOC 1:10 molar ratio and reproduce the composition of
KuQ3Po.1@C0304"ePtOH,

The SnO2/KuQ3C and SnO2/KuQ3C/Co304"ePOH electrodes were tested in
photoelectrochemical conditions, in pH 5.8 NaHCO3s/NazSiFs electrolyte (Figure
119). The LSV trace of the sensitized electrodes in the absence of cobalt oxide
displays a photocurrent trend analogous to that measured by LSV for the hybrid
systems, albeit with higher photocurrent densities. CA at 0.6 V vs Ag/AgCl gave
rise to initial photocurrent densities of 80 yAcm=2, again rapidly decaying to a
lower value (20 yAcm~2). The higher photocurrents observed than in the case of
the hybrid particles are indeed ascribed to the direct chemical linkage between
SnO2 and the chromophore. As previously ascertained, the SnO2/KuQ anodes
are not kinetically able to perform the 4-electron water oxidation reaction to O2:
therefore, the photocurrent observed is to be ascribed to other photoinduced
chemical processes. Substantial self-degradation or detachment of the dye on the

timescale of the CA is excluded, given the restored photocurrent trace obtainable
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upon depolarization of the electrode. Another possibility, previously formulated
and not explored herein, might rely on the ability of KuQ dyes to manage PCET

events that could be exploited in the 2-electron oxidation of H20 to hydrogen

peroxide.
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Figure 119. Left: LSV trace under chopped illumination of FTO/SnO2/KuQ3C
photoelectrodes, registered in NaHCOs/Na;SiFs (pH 5.8) electrolyte, scan rate 0.020
Vs, Right: chronoamperogram of FTO/SnO,/KuQ3C photoelectrodes registered at 0.6
V vs Ag/AgCl in NaHCOz3/Na2SiFs (pH 5.8) electrolyte.

Regardless, the “unbound” photoanodes loaded with unsensitized CozQ4"ePtOH
displayed a markedly different photoelectrochemical behaviour. Incidentally, their
preparation resulted in physically stable electrodes in the electrolyte solution,
leaching of cobalt oxide particles being likely prevented by the hydrophobic 1-
heptanol shell. The voltammetric profile and the CA traces registered under
irradiation reproducibly exhibited a decrease in photocurrent densities upon
introduction of Co304MPtOH Specifically (Figure 120), the photocurrent densities
observed at 0.2 V vs Ag/AgCI (34 pAcm=2) and 0.6 V vs Ag/AgCI (20 yAcm—)
were found significantly lower than in the case of the FTO/SnO2/KuQ3C

electrodes (95 and 60 pyAcm~2, respectively, see Figure 119).

Such observation may be rationalized upon invoking the high WOC loading on
the photoelectrode. The presence of catalyst particles in fact introduces electron

scavenging sites that may result, assuming the aforementioned reductive
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qguenching mechanism, in back electron transfer from KuQ™ to the oxidized
Co304MPOH The somewhat counterintuitive anti-catalytic effect of the presence
of the catalyst on the photocurrent is therefore justified. The introduction of a
catalyst able to selectively (vide supra) drive the kinetically demanding OER
process may also contribute to the drop in photocurrent albeit through its
productive mechanism. Not only electrons funnelled in the circuit travel through a
more complicated ET chain, but also they are garnered upon the slow water
oxidation reaction. As a corollary, Finke and co-workers reported that a further
detrimental role might be played by “carbon impurities” introduced by either dye
or WOC deposition on SnOz2, this SCO being particularly affected by C-based
recombination sites. However, this aspect was not experimentally investigated for

the KuQ/Co304"ePtOH gystem 270

A notable result are the comparable photocurrents obtained for the “unbound”
Sn02/KuQ3C/Co304MPOH  photoanodes with respect to the hybrid systems
(SnO2/KuQ3Pn@C0304"P°H) " Indeed, no distinct comparison between the
systems may be provided at the present stage. To acquire evidence for the
alleged beneficial direct chemical link between the dye and the WOC, the
photogenerated charge management by the system was targeted. In fact, the
Faradaic efficiency for the oxygen evolution reaction promoted by the
Sn02/KuQ3C/Co304"POH photoanodes was determined as < 50% via generator-
collector experiments. This result provides the underlying interpretation of the
otherwise enigmatic photoelectrochemical response of the compared systems.
The higher Faradaic efficiency observed for the KuQ3Pr@Co304"P!OH suggests
that the direct chemical interaction between the WOC particles and the dye shell
surrounding their surface is the basis for a more efficient management of the
electron transfer chain. This is especially relevant in the framework of a
mechanism based on dye emission quenching by the WOC, in which the chemical

link is suggested to constitute a preferential ET pathway.
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Figure 120. Left: LSV trace under chopped illumination of
FTO/SnO2/KuQ3C/Co304"P°H photoelectrodes, registered in NaHCOs/Na;SiFs (pH 5.8)
electrolyte, scan rate 0.020 Vs~'. Right: chronoamperograms recorded in a two-plate
generator-collector setup to detect evolved O,, in NaHCO3s/Na,SiFs (pH 5.8) electrolyte.
The generator was poised at 0.6 V vs Ag/AgCl, the collector was poised at -0.9 V vs
Ag/AgCl.

5.9 Role of dye-electrode interactions — Anchor-free KuQ on SnO:

To further understand the roots of the relatively low IPCE values observed, we
probed the hypothesis of a detrimental role of the lack of bonding interactions
between the SnOz2 film and the KuQ3P shell. We worked under the premises that
such direct chemical interactions would be beneficial in the scope of an efficient

management of the ET chain in the photoanode.

Electrodes functionalized with KuQ lacking any anchoring group were prepared
by dropcasting a 1.14 mM dichloromethane solution of KuQ-Hex to attain a
nominal dye loading of 140 nmolayecm=2. After dropcasting the dye solution, the
SnO:2 films turned orange, indicating dye deprotonation by the oxide substrate.
Curiously, unexpected binding of KuQ-Hex to SnO2 was observed also upon
soaking the electrodes in a 1 mM dichloromethane solution. This interesting
observation led to hypothesize that the dye might in fact bind to SnO2 (or, by
analogy, to other metal oxides as Co0304) via its enolate group acting as a

chelating bidentate ligand. A similar binding mode is observed for the structurally
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related anthraquinone dye alizarin, albeit with smaller (five- or six-membered)
metallacycles in this latter case. Incidentally, the chemical binding interaction was
found to be rather weak, apolar organic solvents being able to easily dissolve the
dye deposit. Regardless, the electrodes were subjected to acidic treatment
without previous examination of the photoelectrochemical response of the KuQ
enolate-functionalized SnO2. Upon immersing the electrodes in aqueous H2SO4
(pH 2), they turned deep purple, displaying a broad spectral feature indicative of
the enol form (Amax 584 nm, LHE 90%; 540 nm, LHE 94%, Figure 121). The ill-
defined vibronic structure of the dye is indicative of higher aggregation degree of
KuQ-Hex with respect to KuQ3C.
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Figure 121. Left: picture of the FTO/SnO./KuQ-Hex photoelectrodes as obtained by
soaking, displaying KuQ-Hex in its orange form (before treatment with H.SO4). The
putative binding mode of the dye to SnO, is schematically shown. Right: electronic
absorption spectra expressed as a function of LHE for FTO/SnO./KuQ-Hex electrodes

containing the enolate (orange trace) and enol (pink trace) of the dye.

The electrodes were studied by LSV in a pH 5.8 0.1 M ascorbic acid/sodium
ascorbate electrolyte, to probe the ability of KuQ-Hex to photoinject electrons in
the conduction band of SnO:2 in the presence of a sacrificial agent (Figure 122).
The voltammetric trace in ascorbate electrolyte exhibits square-shaped segments

under irradiation, superimposed to the dark oxidation current of ascorbate at the
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electrode. Indeed, photocurrent densities measured at 0.1 V vs Ag/AgCl in the
presence of ascorbate (130 yAcm=2) are 40% of those reported for KuQ3C.2¢”
Similarly lower photocurrents were observed for SnO2/KuQ-Hex photoanodes in
NaHCO3/NazSiFs (pH 5.8) electrolyte (60 pAcm=2 at 0.2 V vs Ag/AgCl and 22
pwAcm=2 at 0.6 V vs Ag/AgCl).

These much lower values are indicative of a lower injection efficiency by KuQ-

Hex. The reasons underlying the lower @inj are likely related to:

i) The higher aggregation of the dye molecules, providing more prominent
thermal relaxation route for KuQ-Hex*.

ii) The alleged lack of a direct chemical linkage between KuQ-Hex and SnOa2.
Indeed, despite the possible binding of KuQ-Hex via its enolate groups, it
is believed that the enol form would be less prone to form a chemical bond
with the SCO.

In addition, the presence of a dye film characterized by substantial aggregation,
especially relevant for planar aromatic dyes, can pose a further barrier for electron
diffusion towards the TCO.
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Figure 122. LSV traces of FTO/SnO./KuQ-Hex photoelectrodes registered in 0.1 M
ascorbate (pH 5.8) electrolyte (left) and in NaHCO3s/Na,SiFs (pH 5.8) electrolyte (right).
Scan rate 0.020 Vs™.
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5.10 Further insights and future perspectives

The discussion so far highlights the potential application of the catalytic dyads
herein described for the constitution of water-oxidizing photoanodes. The dyads,
composed of an organic polyquinoid dye and a first-row transition metal oxide,
represent a completely rare-metal free catalytic component able to act as
catalysts for the water oxidation reaction both in photocatalytic colloidal systems
and in the photoanodic unit of photoelectrochemical cells. Further studies will be
undertaken to understand the nature of the dye-Co304"¢P°H interaction more in
depth. Specifically, XAS and resonance Raman spectroscopy experiments are
currently being performed on the pristine hybrid particles and on the photoanodes,
to determine the changes in chemical environment upon binding of the dye and
possibly the influence of deposition and photoelectrocatalysis on the
photoanodes. A possible advancement could be represented by the use of the
dyads in dual-chromophore systems exploiting the photophysical and PCET

management features of the KuQ shell as mediator of the electron transfer chain

events.
@02V vs | jinitia @06V | jaos @0.6V
Entry Ag/AgCI vs Ag/AgCl | vsAg/AgCl FEg, (%) IPCE (%) @ 510 nm
(uAcm=2) (uAcm=2) (uAcm=?)

KUQ3P, o5@C 0,0, etoH 16 6 3 69 -
KuQ3P, ;@Co;0,etroH 36 34 11 88 0.20
KuQ3P, ,@C0,0,etpoH 37 33 6 87 0.44
KuQ3C, ,@Co0;0,hetpoH 16 8 5 87 -

Sn0,/ KuQ3C / Co;0Q,hetpoH 32 28 8 47 -

Table 8. Photoelectrochemical performance of FTO/SnO2/KuQ3X,@Cos04"%*°" and
FTO/SnO2/KuQ3C/Co304"P*°" photoanodes.

A first optimization strategy would involve chemically bridging the SCO and the
catalyst by appropriately designing the side chains of KuQ. However, this task

should take into account the intrinsic borders of the synthetic space of
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KuQuinones derivatives, that would limit the achievable variations to the side

chain.

A second possibility would rely on the peculiar photoredox properties of KuQ.
Specifically, its highly oxidizing excited state might suggest that the reactivity of
the relatively long-lived radical anion formed on the photoelectrode surface upon
reductive quenching could be exploited further. A concept to be explored is the
use of KuQ3Pr@Co0304"POH hybrids in catalytic amounts, in conjunction with pre-
sensitized SCO films. These dual-chromophore systems (Figure 123),
representable as SCO/dye/KuQ3Pn@Co0304"P°H  should be designed by
appropriate choice of organic dyes. These latter should in principle be
predominantly reducing in their excited state and be chemically linked to the SCO
directly, so to perform photoinjection by oxidative quenching. Therefore, the
radical cation form of the dye would annihilate with KuQ' ~ generated by the fast
reductive quenching of "*KuQ3P bound to the surface of Co304"POH. This dye-
dye junction is expected to minimize charge recombination by means of a

preferential ET chain guided by chemical bonds.
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Figure 123. Left: schematic view of a dual-chromophore photoanode featuring a dye-
sensitized SCO film and the KuQ3P,@Co304"P°" hybrids
(SCO/dye/KuQ3P,@Co304"PH), Right: schematic energy levels of the component

involved in such systems.
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Preliminary attempts to study electrodes based on such concept of a dye-dye
junction were undertaken by dropcasting catalytic amounts of
KuQ3Po.1@Co0304MPOH  and  KuQ3Po2@Co0304MPOH  on  SnO2/KuQ3C
photoanodes. Indeed, higher photocurrent densities were observed with respect
to SnO2/KuQ3Pn@Co0304"ePIOH_CA registered at 0.6 V vs Ag/AgCl displayed initial
photocurrent densities of 90 + 100 pAcm~2, decaying to 20 + 25 yAcm—2 over 20 s
of illumination (Figur 123). However, operating the photoanodes resulted in a
lowered photocurrent upon repeated studies, as may be appreciated by
examining the voltammetric profile of these photoanodes under intermittent
illumination. Over the course of the photoelectrode testing, a systematic gradual
decrease in the attained photocurrents was observed, as per previous reports
(Doctoral Thesis of Dr. Giulia Alice Volpato). By examining the electrodes after
testing, a drastic colour change was observed. Indeed, the originally pink SnO:2
films displayed an orange colour (Figure 124), suggestive of KuQ3C
deprotonation upon photoelectrochemical stress. This transformation was not
observed for SnO2/KuQ3C photoanodes. It is therefore proposed that the
presence of KuQ3Pn@Co0304"POH hybrids as WOC-based photoactive units
induces a local disruption of the dye-sensitized KuQ3C film upon O2 evolution.
Enhanced access by the electrolyte, and therefore deprotonation of the KuQ3C
film, has been suggested to allow for a change in its aggregation state. The locally
more hydrophilic environment is proposed at the basis of dye desorption from
SnOz2, given the low hydrolytic stability of the carboxylate linker at the operational
pH (see Table 7).
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Figure 124. Top left: schematic view of SnO2/KuQ3C/KuQ3P,@Co3;0,"erH
photoanodes preliminarily studied. Top right: image of the photoanodes before and after
photoelectrochemical testing. Bottom: LSV traces of SCO/dye/KuQ3P,@Co304"PH,
where n = 0.1 (left, black traces) and 0.2 (right, red traces), registered in
NaHCOs/Na,SiFs (pH 5.8) electrolyte, scan rate 0.020 Vs™.

While these crude results are encouraging with regards to a possible use of the
hybrid dyads as a photocatalytic ink on dye-sensitized films, the optimization of
the dye-KuQ couples should be specifically tackled. Paramount design points
would be the chemical stability of the dye sensitizing the SCO, its energy levels
in relationship with those of the KuQ3P dye on the cobalt oxide shell and the role
of dye-dye chemical interactions.
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5.11 Experimental section

5.11.1 Materials and methods

Solid samples were accurately weighed by means of a MX5 Mettler Toledo
Microbalance. All spectrophotometric analyses were performed by means of a

Cary 60 Agilent spectrophotometer.

Unless otherwise noted, tetrahydrofuran (THF) was distilled under Ar atmosphere
over Na/benzophenone to remove water and radical stabilizers and used within

24 h from withdrawal.

ICP-OES and IPC-MS analyses were performed by the Chemical Analysis

Service of the Autonomous University of Barcelona.

Details of the synthetic procedures of the KuQ dyes and hybrid materials,
emission quenching experiments, TEM and HR-TEM characterization, and XAS
measurements, performed by Prof. Mirco Natali, Prof. Federica Sabuzi, Dr. Mattia
Forchetta, Dr. Nuria Romero, Dr. Olaf Rudiger and Dr. Marcos Gil Sepulcre, were

omitted from the present Thesis.

5.11.2 Electrolyte solutions preparation

NaHCOs/NazSiFe buffer solutions were prepared by mixing 0.512 g of NaHCOs3
and 0.705 g of Naz2SiFs in 95 mL of mQ water. The solution was left to stir
overnight. After the specified time, the obtained suspension was filtered over
cellulose wool to remove silica precipitates, then the pH was measured and, if
required, adjusted with 1 M NaOH. Finally, the solution was brought to volume in
a volumetric flask (100.00 mL).
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For the sake of clarity, the reactions leading to buffer preparation are reported

below (Equations 50a-c):

SiFe?~ + 4H20 = 4H* + 6F + Si(OH)4 (Eq. 50a)
HF + HCO3™ = H20 + CO2(g) + F~ (Eqg. 50b)
nSi(OH)4 = nSiO2-(2n)H20¢s) (Eq. 50c)

Ascorbate electrolyte was prepared by dissolving sodium ascorbate (1.98 g) and
bringing to 100.00 mL with mQ water, then acidified by concentrated sulfuric acid
to reach pH 5.80.

5.11.3 FTO/SnO: electrodes preparation

The FTO/SnO:2 electrodes were prepared by Dr. G. A. Volpato as previously
reported by our group.?%¢ Briefly, a SnO2 colloidal paste (10 nm sized NPs),
containing acetic acid as peptizing agent and a polyethylene glycol-based
copolymer (CARBOWAX™) both as thickening agent and porogen material, was
deposited onto clean FTO substrates by blade-coating. After deposition, the
substrates were sintered and annealed following a slow temperature ramp to
allow for slow water evaporation and avoid cracking of the films: 25 — 70 °C, 1.5
°C/min; 70 °C, 40 min; 70 — 450 °C, 13 °C/min; 450 °C, 20 min; 450 — 500 °C,
5 °C/min; 500 °C, 30 min. The mesoporous (pore diameter 10 + 40 nm) SnO2
films displayed 2.5 ym thickness.
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5.11.4 Photoanodes preparation

5.11.4.1 Hybrid-based photoanodes

KuQ3Xn@Co0304"POH particles were suspended upon sonication (10 min) in
freshly distiled THF to reach circa 1.7 mg/mL concentration. Subsequently,
aliquots of the colloidal suspension were deposited by dropcasting on the
FTO/SnO2 electrodes. In between depositions, the substrates were dried with a

gentle stream of air. Deposition was carefully restricted to the SnOz2 film.

To provide a meaningful comparison between the hybrids, the photoanodes were
prepared in order to attain a 140 nmoldyecm= nominal molar amount of KuQ. By
knowing the molar mass of the hybrids (MWnp) (independently determined by ICP
and summarized in Table 9), the internal molar equivalents of KuQ dye in the
hybrids (n), the specific mass of hybrids (rh) to be deposited on the FTO/SnOz2

electrodes could be calculated by Eq. 51:

140 nmolgye /cm?

n(moldye/mol,\,p)

m(ugyp/cm?) = MWyp(g/mol) - 1073(ng/mg)  (Eq. 51)

By imposing the mass concentration of the colloidal suspension (Ccoll) and the
geometric area of the SnOz2 film (A), the total volume of colloidal suspension of

hybrid particles to be deposited (vd) was calculated (Eq. 52):

m(ugnp/cm?)
Ccoll(mg/mL)

va(uL) = A(em?) - (Eq. 52)
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Particles MW (gmol-)
Co30 4heptOH 564.28
KuQ3P 5@ Co50,neptoH 491.08
KuQ3P, ;@Co;0hertoH 505.11
KuQ3P, ,@C050 hertoH 535.73
KuQ3C, @Co;0,MeptoH 505.11

Table 9. Molecular weights of the Co;04"***°H-based particles.

5.11.4.2 Dye-sensitized FTO/SnO: electrodes preparation
FTO/SnO2/KuQ3C

Sensitization with KuQ3C was performed based on the method already reported
by our group.?%® FTO/SnO: electrodes were sensitized with KuQ3C by soaking for
24 hin a 0.11 mM solution of KuQ3C in THF. 2.0 mL of solution were used for
each electrode. Given the long dyeing time, the solvent was not distilled prior to
use. After soaking, the electrodes were recovered, rinsed with fresh THF, dried
with a gentle stream of N2. The electrodes were then immersed in aqueous H2SO4
(pH 2.0): upon immersion, the orange SnO:z2 film turned pink, due to protonation
of the enolate form of the dye to the enol. This treatment greatly improves the
stability of the film in aqueous solution (see 266 and Paragraph 5.10). After acidic
treatment, the electrodes were rinsed with mQ water and dried with a gentle
stream of air. The electrodes were characterized by UV/Vis absorption

spectrophotometry before and after acidic treatment.

In order to quantify the amount of dye deposited on the electrodes (dye loading),
the THF solutions were analyzed by UV/Vis absorption spectrophotometry with a
1.0 mm optical path quartz cuvette. An aliquot of the starting THF solution was
kept for reference. Prior to spectrophotometric analysis, all KuQ3C solutions were
acidified with 25 pL of p-toluenesulfonic acid to quantitatively convert KuQ3C into
its enol form and diluted (1:10). Quantification was based on the absorbance at

563 nm (e563 = 1.5:10* M~'cm™"), using the Beer-Lambert law.
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FTO/Sn02/KuQ3C/C0304"ePtoH

After dyeing, the electrodes were functionalized with Co3z04"eP*H by dropcasting
a 1.50 mg/mL suspension of cobalt oxide in methanol to reach a 1 : 10 KuQ3C :
Co304MPOH molar ratio. After deposition, photoanodes were dried under a gentle

stream of air.

FTO/SnO2/KuQ-Hex

Photoelectrodes functionalized with KuQ-Hex were prepared either by
dropcasting a 1.1 mM solution of the dye in CH2Cl2 or by soaking the FTO/SnO2
electrodes in the same solution for 5 h. Upon treatment with the initially pink
solution, the dye deposit on SnO:2 films immediately turned bright orange. The
electrodes were then soaked in aqueous H2SO4 (pH 2.0), inducing an immediate

colour change of the film to purple.
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5.11.5 Photocatalysis

Photocatalytic reactions were performed in NaHCO3s/Naz2SiFe pH 5.60 buffer. The
reaction mixture contained 1.0 mg/mL Co304"P!OH particles and 84 mM Na2S20es.
The particles and the persulfate were suspended and dissolved, respectively, in
separate portions of the buffer and mixed in a thermostated glass reactor (Figure
125) prior to reaction. The temperature was kept at 25.0 °C by means of a water
jacket controlled by a Huber thermostat. The reactor was sealed with a rubber
septum. Oxygen evolution was analyzed with a gas-phase Clark-type
amperometric oxygen sensor (Unisense Ox-N needle microsensor) connected to
a Unisense UniAmp ammeter. The probe needle of the Clark sensor was used to
pierce the rubber septum and placed in the headspace of the photoreactor. The
reaction mixture was degassed by sparging the liquid and gas phases with Ar gas
for 20 minutes each. After degassing, the rubber septum was protected with

Parafilm M film and silicone grease.

Clark sensor I

Thermostated
glass reactor

L]

L/

Figure 125. Schematic representation of the thermostated glass photoreactor

(assembled). The Clark sensor inserted in the headspace is displayed.
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The reactor was irradiated with an Abet Technologies LS150 150 W Xe lamp
equipped with a 400 nm SP400LP Abet Technologies long-pass optical filter
mounted on a Thorlabs SM1L03 holder. The distance between the light source
and the photoreactor was set to reach a nominal incident power of 100 mWcm—2.
A Thorlabs FDS100 Si photodiode (0.13 cm? detector area, responding to
wavelengths in the range 350 + 1100 nm) connected to a digital multimeter was

used to measure the incident light intensity.

The Clark sensor was calibrated after each photocatalytic reaction by degassing
the reaction mixture and the reactor headspace with Ar and by performing
subsequent additions of known volumes of Oz with a gastight Hamilton syringe. A
pseudo-calibration curve was constructed by plotting the steady-state differential
signal of the Clark sensor after each gas addition as a function of the O2 volume

and, by means of the ideal gas law, of the molar amount of Oz (Figure 126).
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Figure 126. Left: response of the Clark sensor upon additions of known volumes of O.

Right: pseudo-calibration curve of the Clark sensor.

At the end of the photocatalytic reactions, the liquid phase was recovered and
centrifuged. The supernatant was filtered over Celite. The residue was washed
with mQ water (x 3), with methanol (x 3) and with diethyl ether (x 3), and finally
left to dry to be further analyzed (by ICP, TEM, HR-TEM, XAS. The experiments

were either upscaled or performed multiple times to produce sufficient amounts
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of material for analysis). The results of the IPC analyses are summarized in Table
10.

The photoreactor and the stirrer bar were thoroughly cleaned by sonicating with
aqua regia for 10 minutes, followed by thorough rinsing with deionized water, and

finally sonicated with deionized water (10 minutes) and mQ water (5 minutes).

Before cat. After cat.
%Co | %P eq KuQ3Xx %Co | %P [ Liquid analysis (mgL-")
Co,0,ertOHNPs 31 0
KuQ3P; 05C050,"HOHNPs 36 | 026 0.04 46 | 0.04 [[g?]:fg'
KuQ3P, ,C0;0,hOHNPs 35 | 052 0.08 43 | 017 [“E‘]’]: 4?71
KuQ3P, ,C050,"FOHNPs 33 | 1.02 0.18 41 | o016 [[g?]: 41:
KuQ3C, 1C050,*POHNPs 3B | 0 - - - -
0.1 eq KUuQ3P+C0,0,MPHNPs 9.3 | 039 - 28 | 0.09 -

Table 10. ICP analysis data relative to the hybrid particles before and after

photocatalysis.

5.11.6 Photoelectrochemical experiments

Experiments were performed in a glass single compartment cell (Figure 127) by
using either NaHCO3/Na2SiFs pH 5.80 or 0.1 M ascorbate (pH 5.80) electrolytes.
The single compartment glass cell was fitted with a PFTE holder. The working
electrodes were FTO/SnOz2 electrodes, the reference electrode was an Ag/AgCl
(3 M NaCl) (BASI), the auxiliary electrode was a glassy carbon disk electrode (o
3 mm, BASi). The working electrode was connected via an alligator clip soldered
to a thin copper wire. The contacts were protected with a layer of Parafiim M to
prevent contact with the electrolyte solution. The experiments were performed by
means of a PalmSens4 potentiostat-galvanostat-impedance analyzer controlled

with PSTrace 5.9 software.
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Photoelectrodes were irradiated from the side of the back contact with an Abet
Technologies LS150 150 W Xe lamp equipped with a 400 nm SP400LP Abet
Technologies long-pass optical filter mounted on a Thorlabs SM1L03 holder. A
Thorlabs FDS100 Si photodiode connected to a digital multimeter was used to
measure the incident light intensity, set to 100 mWecm=2 for each electrode. In
chopped-light experiments, irradiation was manually interrupted by interposing a
piece of black cardboard between the light source and the photoelectrochemical

cell.

CE WE RE

VANV,

Figure 127. Schematic view of the one-compartment photoelectrochemical cell used for

testing the photoelectrodes.

5.11.7 Determination of the Faradaic efficiency for Oz evolution

The generator-collector method previously described by our group was used to
quantify evolved 02.239266 Briefly, the photoanode, used as oxygen generator,
was interfaced to a FTO electrode used as oxygen sensor (collector). Collector
electrodes were cleaned by 10 min sonication in KOH saturated in 'PrOH, 10 min
sonication in 'PrOH, and thermally treated at 500 °C for 30 min. The inert spacer

between collector and generator electrodes was constituted by an H-shaped

265



mask made with three layers of unstretched Parafilm M, with openings left to allow
for electrolyte exchange between the bulk and the thin layer of solution between
the electrodes (Figure 102). Connections were made via copper tape posed on
the edge of each electrode. The contacts, the alligator clips, and all parts not
intended to come into contact with the electrolyte solution were isolated by

wrapping them with Parafilm M.

Once the contacts had been prepared and the Parafilm mask was laid between
the electrodes, these were clamped together by means of a custom-made PEEK
frame held together by four PTFE nuts (realized by Lorenzo Dainese, technician
in the Department of Chemical Sciences of the University of Padova). The setup

is reproduced in Figure 128.

Figure 128. Pictures displaying of the setup used for two-plate generator-collector
experiments. The top right figure displays the H-shaped mask between the electrodes

clamped together in the PEEK frame.
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The experiments were run in a four-electrode setup controlled by a Metrohm
Autolab PGSTAT302N bipotentiostat. The two working electrodes were the
generator and collector electrodes, while an Ag/AgCl (3 M NaCl) (BASi) and a
platinum wire were used as reference and auxiliary electrodes, respectively. The
single compartment glass cell was fitted with a PFTE holder. The photoanodes
were illuminated with 100 mWcm? simulated solar light from a LOT-Quantum
Design solar simulator, equipped with an AM 1.5 G filter and an Andover Corp.
400fh90-50s 400 nm long-pass optical filter to cut the contribution of UV light.

The electrolyte solution (NaHCOs/Naz2SiFs pH 5.80) was introduced by means of
a syringe after placing the electrodes in the cell, and thoroughly degassed with N2
for 20 minutes before each measurement. During measurements, the electrolyte
solution was kept under a blanket of N2 provided by a gentle stream of the gas

above the solution.

Chronoamperometries were performed by poising the generator electrode at 0.6
V vs Ag/AgCl and the collector electrode at —0.9 V vs Ag/AgCI. This latter value
was chosen as sufficiently negative to provide extensive oxygen reduction on
FTO.?%6 The experiments were constituted by a 100 s dark phase to ensure
stabilization of the collector baseline current, followed by a 150 s illumination
phase. Finally, after interrupting the illumination phase, chronoamperograms were
recorded to ensure complete consumption of the evolved Oz, indicated by a decay
to the baseline signal of the collector current (usually 200 s were required).
Determination of the Faradaic efficiency for O2 evolution was performed by
integrating the generator photocurrent during the illumination phase and the
collector current during the illumination phase and the subsequent dark recovery

phase.

The collection efficiency of the setup was independently determined via
calibration of the cell.?® The equipment, the electrolyte, and the degassing
procedures were the same as those used for the experiments on photoanodes.
The cell was calibrated by employing a FTO generator interfaced with a FTO

collector poised at —0.9 V vs Ag/AgCl. The double-step chronoamperometric
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experiments were composed by a first phase (60 s), in which the generator was
poised at 0.6 V vs Ag/AgCl, followed by a second phase (120 s) in which the
generator potential was stepped to a higher value so to access electrocatalytic
oxygen evolution by the FTO generator. Oxygen evolution was induced to an
increasing degree by varying the generator potential during this second oxygen-
evolving phase from 1.40 V vs Ag/AgCl to 1.90 V vs Ag/AgCl in a series of
experiments. Incidentally, this chronoamperometric method was intended as a
viable strategy to produce variable generator charges, and therefore to vary the
amount of Oz evolved in the thin layer between the working electrodes, in the
same time interval. A second method could have relied on working at a single
oxygen-evolving generator potential at variable times. Finally, the generator
potential was brought back to 0.6 V vs Ag/AgCl to measure the recovery trace
until complete exhaustion of the evolved Oz by the collector (240 s). The outcome

of the calibration experiments is reported in Figure 129.

This procedure has been previously reported and provides a calibration setup as
close as possible to the photoelectrocatalytic regime. Conceptually, the second
potential step is intended as a simulation of the irradiation phase during

photoelectrochemical experiments.

Integration of the generator (during the second phase) and collector (during the
second and third phases) current traces provided the charges Qgen and Qcoll used
to construct the calibration curve (Figure 129, bottom) under the assumption of
unit Faradaic efficiency for the OER by the FTO generator. The slope of the

calibration curve was used as the collection efficiency of the cell (fcoil = 76%).
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Figure 129. Calibration of the generato-collector setup with FTO generator and FTO
collector (poised at —0.9 V vs Ag/AgCl), registered in NaHCOa3/Na,SiFs (pH 5.8)
electrolyte. Top: chronoamperograms; bottom: calibration curve obtained upon
integration of the generator and collector current traces, displaying the collection

efficiency.
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5.11.8 Incident photon-to-current conversion efficiency (IPCE)

determination

Experiments were performed by employing a custom-made PFTE one-
compartment cell equipped with two diametrically opposed quartz windows, in
between of which photoanodes (used as the working electrodes) were located.
Cell design allowed for fitting on common holders compatible with optical
benches. The electric contact was achieved by means of a PTFE clamp internally
lined with copper foil and containing a copper cylinder (g 1 mm), fitted through a

rubber septum to allow for height regulation (Figure 130).

A PalmSens4 potentiostat was used to control the cell. The auxiliary electrode
(glassy carbon disk, @ 3 mm, BASIi) and the reference electrode (Ag/AgCl, 3 M
NaCl, BASI) were inserted through a separate port and located adjacent to the
working electrode. The electrolyte solution (NaHCOs/Na2SiFs pH 5.80) was

introduced by means of a syringe after inserting and connecting the electrodes.

The setup used for the IPCE determination in full photoaction spectral
measurements was courtesy of Prof. Jordi Hernando (Autonomous University of
Barcelona) and is depicted in Figure 130. The light source was a 150 W Xe short-
arc lamp powered by an Applied Photophysics 04-122 Power Controlled Lamp
Supply and mounted in an Applied Photophysics lamp housing. The light beam
was collimated by means of optical lenses of an Applied Photophysics Laser
Kinetic Spectrometer. Monochromatic irradiation was obtained with an Applied
Photophysics 05-109 pbp SpectraKinetic Monochromator controlled via custom-
made software. Inlet and outlet slit openings of 5 mm were selected to maximize
the irradiance output and obtain a better signal-to-noise ratio in
photoelectrochemical experiments. The photoelectrochemical cell was placed in
front of the monochromator, by illuminating the photoanode from the side of the

back contact.

Chronoamperometries were recorded at 0.6 V vs Ag/AgCl. A 10 s dark phase was

followed by 30 s of illumination and, finally, by another 10 s dark phase. Steady-
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state photocurrent densities were measured from the difference between the
stabilized photocurrent at the end of the 30 s illumination phase and the stabilized

dark current in the last dark phase of the experiment (Figure 130).

The incident light irradiance was measured with a Thorlabs S120VC photodiode
connected to a Thorlabs PM100A power meter (responsive in the range 200 +

1100 nm, detector area 0.94 cm?).

When using LED as monochromatic light sources, the cell was fitted to a Thorlabs
MB3060U/M optical bench by means of Thorlabs BA1S/M mounting base.
Irradiation was performed using Thorlabs M680L4, M590L4, M530L4, M490L4,
M430L4, M405L4 LED sources (Aem = 680 nm, 590 nm, 530 nm, 490 nm, 430 nm,
405 nm, respectively), equipped with Thorlabs FB680-10, FB590-10, FB530-10,
FB490-10, FB430-10, FB405-10 band-pass optical filters to achieve a FWHM of
10 nm, and with a Thorlabs SM1U25-A collimator.

The light was collimated to fully illuminate the optical quartz window of the
photoelectrochemical cell. The output power of the LED’s was regulated by
connecting the light sources to a Thorlabs LEDD1B driver. The power was
selected to provide photocurrents in the range of those obtained with the Xe lamp-
monochromator system. The setup is displayed in Figure 131. The irradiance was
measured, as in the case of the Xe lamp source, with a Thorlabs S120VC

photodiode connected to a Thorlabs PM100A power meter.
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Figure 130. Top: Schematic view of the custom-made cell used for registering the IPCE
photoaction spectra. Middle: photophysical setup used in the study with the Xe lamp
source. Bottom: chronoamperograms recorded at 0.6 V vs Ag/AgCl recorded under

monochromatic irradiation. Photocurrent determination procedure is displayed.
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Figure 131. Top: setup used for registering the IPCE photoaction spectrum with LED
sources. Bottom: chronoamperograms recorded at different wavelengths with LED

sources.
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SECTION 3.

Emerging (photo)electrochemical strategies for
organic reactivity

Disclaimer:

This section contains material previously published in scientific
jJournals, in the form of articles of which | was an author.
Reproduction of the of graphic material from the publications in the
present Thesis was authorized by the Editors.

“Photoelectrochemical C-H activation through a quinacridone dye enabling
proton-coupled electron transfer” Y. Yang, G. A. Volpato, E. Rossin, N. Peruffo,
F. Tumbarello, C. Nicoletti, R. Bonetto, L. Paoloni, P. Umari, E. Colusso, L.
Dell’Amico, S. Berardi, E. Collini, S. Caramori, S. Agnoli, A. Sartorel
ChemSusChem 2022, https://doi.org/10.1002/cssc.202201980.

Copyright Wiley 2022

“Basicity as a Thermodynamic Descriptor of Carbanions Reactivity with Carbon
Dioxide: Application to the Carboxylation of a,B-Unsaturated Ketones”
Franceschi, P.; Nicoletti, C.; Bonetto, R.; Bonchio, M.; Natali, M.; DellAmico, L.;
Sartorel, A. Front. Chem. 2021, 9, 783993.
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6. Emerging (photo)electrochemical strategies for

organic reactivity

As a part of the research carried out during my Ph.D., | have been involved in
other projects developed in our group at the University of Padova. These projects
deal with an alternative, innovative vision of artificial photosynthesis, and with
exploiting the redox routines in synthetic organic chemistry. Paragraph 6.1 reports
a reductive activation of a,B-unsaturated carbonyls to promote carbon dioxide
fixation; Paragraph 6.2 reports the photoelectrochemical activation of C—H bonds
with electrodes sensitized with a quinacridone organic dye. Specifically, | have
provided supervision to students in laboratory activities and method development
in the two projects that are herein briefly described, contributed to data analysis
and interpretation, participated to scientific discussions and contributed to writing

the manuscripts.

6.1 Electrochemical carboxylation of a,B-unsaturated ketones

A promising strategy in the utilization of carbon dioxide alongside its catalytic
reduction is its fixation into organic compounds, to access sustainable production
of fine chemicals. Specifically, electrocarboxylation relies on the addition of CO2

to organic compounds promoted by electrochemistry.

Conceptually, electrocarboxylation may occur by generation of the radical anion
of carbon dioxide, COz2"~; however, the high overpotentials generally required
when working with carbon-based electrodes (vide supra) make it an unpreferred
route. Conversely, electrocarboxylation may be performed upon
electrogeneration of a nucleophilic species via reduction of an organic molecule.
The reduced form of the molecule may in turn perform addition of COz2, thus
constituting the first step towards generation of a carboxylic acid derivative.
Deeply investigated classes of molecules are organic halides, undergoing

dissociative electron transfer when reduced at an electrode with production of a
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carbon-based radical, that can be further reduced to a carbanion, in turn able to
attack CO2. Other molecules capable of undergoing electrocarboxylation are

characterized by olefinic (C=C) or imine (C=N) bonds.

Our group approached this subject by investigating the reaction mechanism of the
electrocarboxylation of a,B-unsaturated ketones, specifically chalcone and
flavone. Briefly, a thermodynamic study corroborated by computational analysis

provided the basis to predict:

i) The possibility for a specific reduced form of a substrate to undergo
carboxylation (e.g., either radical anion or dianion derived from reduction
of a C=C bond).

i) The preferred site undergoing carboxylation, in the case of chemically non-

equivalent carbon sites of the C=C bond.

In cyclic voltammetries along a cathodic scan, chalcone and flavone undergo two
stepwise one-electron reductions to the radical anion and to the dianion. The CV
of flavone as a representative case is reported in Figure 132, where the two quasi-
reversible waves are observed at —2.1 and —-2.4 V vs Fc*/Fc, respectively. In the
presence of carbon dioxide, significant changes are observed at the second wave
and, consistently, controlled potential electrolysis at the potential of the second
wave afforded the carboxylated products in B-position with good Faradaic yields
(44 and 55% for chalcone and flavone, respectively, isolated as the methyl esters,
Figure 132). Conversely, electrolysis at the first wave gave the products in traces

(circa 2% vyield).

These results were rationalized on the basis of a thermochemical cycle and of
DFT calculations on 50 organic compounds containing C—H bonds, that support
a linear correlation between the Gibbs free energy of the carboxylation step of the
carbanion C~ (Eq. 53) and the basicity of the involved carbanion, expressed as
the pKa value of the C—H/C~ couple (Eq. 54). This analysis identified a threshold
value of the pKa of 36 (in acetonitrile), above which the carboxylation of the
carbanion is exergonic, Figure 132.
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C™ + CO2 = C-CO0~, AGcarboxylation (Eq. 53)
C-H = C- + H*, AG® = 2.303RT - pKa(CH, C") (Eq. 54)

Application of this model to the carboxylation of a,B-unsaturated carbonyls
supported the experimental electrosynthetic outcome and the reactivity towards
CO:2 of the dianions in B-position, since calculated AG° of carboxylation was -12.8
and -20.0 Kcalmol~' for flavone and chalcone, respectively, associated with pKa
values for the conjugate acids of 50.6 and 51.8, respectively. Consistently, an
endergonic carboxylation was predicted for the carboxylation in a-position, or
starting from the singly reduced radical anions of flavone and chalcone (Figure
132). The predictive reactivity model was also applied to other case studies

previously reported in the literature.

The study “Basicity as a Thermodynamic Descriptor of Carbanions Reactivity with
Carbon Dioxide: Application to the Carboxylation of a,f-Unsaturated Ketones”

was published in 2021 in Frontiers in Chemistry.

6.1.1 Contribution to the work

My contribution was mainly devoted to the optimization of electrochemical
protocols for cyclic voltammetry and controlled potential electrolysis, together with
Pietro Franceschi and Catia Nicoletti. In particular, two protocols for constant
potential electrolysis were devised, that are described in the Experimental

Section.
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Figure 132. Top left: CV of 5 mM Flavone in ACN with 0.1 M tetrabutylammonium

hexafluorophosphate supporting electrolyte under N2 (black traces) and CO; (red

traces). The inset shows the scan conducted in a narrow potential range and limited to

the first reduction process. Top right: Plot of calculated standard free energy of

carboxylation (AGo') vs calculated pKa of the C—H/C™ couples. Red dots indicate

flavone derivatives upon carboxylation in the B position; blue dots indicate flavone

derivatives upon carboxylation in the a position. The carboxylation product in B starting

from flavone radical anion is unstable during the calculation and explodes releasing

CO2: in this case, the AG° value is extrapolated by the linear correlations among 50

organic substrates. Inset: optimized geometry of the carboxylated product in 8 starting

from flavone dianion. The light grey dots indicate the 50 organic molecules used to

construct the model. Bottom: electrochemical carboxylation of flavone and formation of

flavanone-2-carboxylic acid methyl ester (from carboxylation in B-position to the

carbonyl group) after esterification of the electrolysis solution.
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6.2 Photoelectrochemical C—H activation by SnO; electrodes dye-

sensitized with Quinacridone

6.2.1 Introduction

The design principles of dye-sensitized photoelectrochemical cells (DSPEC’s)
have reached a sophisticated level of detail over the last decades. In terms of
performance, promising results in fuel-forming devices are accompanied by a
widespread use of dye-sensitized solar cells (DSSC’s) in photovoltaics. DSSC’s
are currently being evaluated for use in domestic and industrial (e.g., in

greenhouses) context.

A limiting factor for water splitting DSPEC’s is the non-trivial architecture of the
photoanodes for photoelectrochemical water oxidation. Specifically, three-
components photoelectrodes constituted by a semiconductive oxide (SCO), a
dye, and a WOC require efficient design of each component and of their mutual
interaction at the molecular and the nanoscale levels (see Chapter 5), that is not
always repaid in terms of efficient photoelectrocatalysis. Therefore, researchers
are currently being prompted towards investigating simpler photoanodic
reactions, that do not suffer the thermodynamic and kinetic limitations of the 4-
electron 4-proton water oxidation. In the context of simplifying the DSPEC design
while contextually enhancing its performance, photoelectrochemical oxidation of
organic substrates to value-added chemicals is currently being targeted. These
reactions are kinetically more facile, usually undergoing radical mechanisms, and
may be driven by photoelectrodes sensitized with suitable dyes without the need
of a metal catalyst. A major advantage would be constituted by the access to

novel synthetic strategies in a scalable setup, compatible with flow chemistry.

A class of oxidation reactions that are suitable for studying in such systems is
alcohol oxidation. It is usually performed in the presence of an aminoxyl radical
as a catalyst. Indeed, our group reported preliminary evidence of SnO2-based

photoanodes sensitized with KuQ3C promoting benzyl alcohol oxidation.
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More recently, the photoelectrochemical approach has been directed towards C—
H bond activation, a most relevant goal for organic synthesis. This process
involves hydrogen atom abstraction from a reactive C—H site in an organic
substrate; the reports were limited by the direct irradiation of semiconductors such
as BiVO4, WOs3, Fe203, while to the best of our knowledge no reports were dealing

with dye-sensitized photoanodes for C—H activation.

6.2.2 Quinacridone-sensitized SnO. photoanodes

Our contribution involves SnO2 photoanodes sensitized with the quinacridone
(QNC) dye. QNC is an acridone chromophore with extended absorption in the
visible region and high chemical stability. Its planar structure and the presence of
two NH groups per molecule confer QNC a high insolubility; in its aggregate forms,
generated by both 111 interactions and hydrogen bonds, QNC behaves as an
organic semiconductor. QNC derivatives, functionalized at the nitrogen sites with
alkyl groups, have been applied in sensing, optoelectronics, photoelectrochemical
cells and photocatalytic systems. Introducing bulky groups at the nitrogen sites of
QNC in fact counteracts the planarity of dye molecules and disrupts the network
of hydrogen bonds, thus improving dye solubility. QNC insolubility is a major
obstacle to its use on photoelectrodes. For this reason, authors using QNC in
optoelectronic applications have exploited its thermal stability by sublimating the

dye and depositing it onto surfaces.

The use of QNC in mediating C—H activation would rely on its possibility to
manage PCET events, with generation of N-centered radicals (N°) upon oxidation
(Figure 133). The N-centered radicals are in fact capable of hydrogen atom
abstraction (HAT) from suitable organic substrates, thus leading to their oxidation.
In a QNC-sensitized SCO photoanode, the N° radicals would be generated upon

light absorption and charge injection by QNC into the SCO.

We studied the ability of QNC to manage PCET in aqueous environment. Then,

we approached the preparation of photoanodes by sublimating QNC under
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vacuum onto FTO/SnO2 electrodes. These were studied by
photoelectrochemistry in acetonitrile, demonstrating their ability to promote C-H
activation in xanthene and y-terpinene substrates at the preparative level. A
thermodynamic cycle to determine the activity of QNC dye in C—H activation via
HAT was established. This was based on the difference between the bond
dissociation free energy (BDFE) of the N—-H group of QNC (80.5 kcalmol-') and
that of the organic substrates targeted for the reaction. Coherently, the ratio
between the photocurrent density in the presence of the organic substrates and
the one observed in their absence was used as a reactivity indicator (Jsuv/Jo, see
Figure 133).

Finally, our mechanistic proposal was based on reaction of the C-centered radical,
generated upon HAT from the substrate to QNC, with Oz, eventually acting as an
oxidizing agent to conclude the oxidative aromatization of the substrate (a
representative scheme is provided in Figure 133, focusing on y-terpinene). To
probe this hypothesis, an experiment conducted under N2 atmosphere revealed

no production of aromatized product starting from y-terpinene.

The study “Photoelectrochemical C—H activation through a quinacridone dye
enabling proton-coupled electron transfer’” was published in 2022 in
ChemSusChem.
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Figure 133. Top left: Pourbaix diagram of the one electron oxidation process; inset
shows the redox reaction involving the QNCN/QNCNH couple, and the optimized
geometry and spin density analysis of QNCN. Top right: LSV traces under chopped
irradiation of FTO/SnO2/QNC photoelectrodes in ACN with 0.1 M tetrabutylammonium
hexafluorophosphate, in the absence (red trace) and in the presence (black trace) of 40
mM y-terpinene. Scan rate: 0.020 Vs~'. Bottom left: Photoelectrochemical C—H
activation through a quinacridone dye (QNC)-sensitized SnO, mesoporous
semiconductor. Bottom right: plot of the Jsu/Jo observed for FTO/SnO2/QNC electrodes
at 0 V vs Fc'/Fc in the presence of 40 mM organic substrate, depending on the BDFE
of the C—H bond.
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6.2.3 Contribution to the work

My initial contribution to this research was the investigation of N-functionalized
QNC derivatives and the optimization of photoelectrochemical synthesis. The
focus was indeed directed towards the experimental demonstration of the
necessity for NH groups in order to attain the desired photoelectrochemical
reactivity. QNC was therefore functionalized at the N sites with C16 alkyl chains
by Catia Nicoletti, following the synthetic route in Scheme 15, bottom. Briefly, the
dye was allowed to react in DMF with NaOH acting as a base towards the NH
sites. Deprotonation of these latter produced the nucleophilic anionic form of QNC
(indicated by a blue colour) that could react with excess 1-bromohexadecane via
nucleophilic substitution. Finally, the reaction crude was precipitated by addition
of water and purified by column chromatography to isolate the desired compound

as an orange powder in 60% vyield.

0 ’ 1. NaOH, TBABr, DMF GreHas
N 2. C4H33Br (100 °C, 6h)
LI - O COC
: T
° CqeHa3 °

Scheme 15. Synthesis of QNC-Cie.

QNC-C1s, soluble in organic solvents, was deposited by dropcasting a 0.76 mM
CH2Cl2 solution onto SnO2 anodes pre-heated at 40 °C. Deposition was
performed by fully covering the SnO: film with the dye solution followed by letting
the solvent quickly and uniformly evaporate. After dyeing, the electrodes were
dried under a gentle stream of N2 and soaked in ACN for 10 minutes, followed by
drying under N2. The absorption spectrum of the resulting pink electrodes is
reported in Figure 134, displaying maxima at 505 nm and 550 nm. Incidentally, N-

substitution does not impact substantially on the optical properties of QNC.
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Figure 134. Electronic absorption spectrum of FTO/SnO,/ QNC-Cjs.

The photoelectrodes were tested by CV under intermittent irradiation (Figure 135),
in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate as supporting
electrolyte. Increasing concentrations of xanthene and y-terpinene (10 mM, 20
mM, 40 mM), were used. As expected for QNC-C16, no appreciable photocurrent
increase could be observed upon addition of the organic substrates. Indeed,
Jsub/Jo was found to remain in the range 1 + 1.3 independently on substrate
concentration. Table 11 provides Jsu/Jo for y-terpinene. These findings thus

support the need for the NH/N* reactivity for C—H activation.

25 - CH,CN /TBAPF; 0.1 M
CH,CN / TBAPF4 0.1 M [y-terpinene]
404 [xanthene] —0mM
—0mM —10mM
—10mm 20 1 —20mM
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Figure 135. LSV traces under chopped irradiation of FTO/SnO2/QNC-C16
photoelectrodes in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate, as
a function of [xanthene] (left) and [y-terpinene] (right). Scan rate: 0.020 Vs'.
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[y-terpinene] Jsun/Jo
0.15V vs Fc*/Fc | 0.30V vs Fc*/Fc
0 1 1
10 mM 1.04 1.05
20 mM 1.17 1.19
40 mM 1.37 1.27

Table 11. Jsu/Jo values for FTO/SnO2/QNC-C+s photoelectrodes as a function of [y-

terpinene] at two different potential values.

6.2.4 Further developments

An optimization strategy for improving the ease of photoelectrode preparation was
also pursued. Despite the satisfactory results, the vacuum sublimation method
was indeed a limiting factor. QNC photoanodes preparation was then approached
by more easily manageable solution methods. For this purpose, the latent pigment
approach was applied. Briefly, it is a chemical strategy first reported by Zambounis
et al. in 1997.271 It involves reversible protection of the N-sites of an otherwise
insoluble dye with tert-butoxycarbonyl (BOC) groups. The presence of bulky
groups compromising the planarity and H-bond formation capacity of the
chromophores indeed confers solubility to the protected molecules. These groups
may then be cleaved either chemically (by treating with acid or base) or thermally.
Thermal treatment induces decomposition of BOC to isobutene and carbon

dioxide, to restore the original QNC chromophore.

The protected BOCQNC was synthesized by following the procedure reported by
Sytnyk et al. (Scheme 16)?72, consisting in the reaction between QNC and di-tert-
butylcarbonate (‘BOC:20) in the presence of 4-dimethylaminopyridine (DMAP) in
CH2Cl2. The product was isolated as a bright yellow powder with a strong green
fluorescence in organic solution, after purification via column chromatography.
Incidentally, the yellow colour is indicative of lack of aggregation of QNC

derivatives, both in solution and in the solid state.
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Scheme 16. Synthesis of BO°QNC.

SnO2 photoanodes were prepared by dropcasting a 1 mM solution of BCQNC in
CH2Clz, then dried under a stream of N2. The yellow-coloured electrodes were
then subjected to a thermal treatment (200 °C, 2 minutes), inducing a colour

change to pink (Figure 136).

Preliminary testing of the photoanodes prepared via the latent pigment approach
have provided encouraging results, comparable with those obtained with
electrodes prepared via vacuum sublimation of QNC (Jsu/Jo = 3 in the presence

of 40 mM xanthene).
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Figure 136. Top: schematic synthesis of QNC-sensitized photoanodes upon deposition
and thermal treatment of B°°QNC. Bottom: LSV trace of FTO/SnO2/QNC electrodes

prepared starting from B°°QNC in the presence of y-terpinene.
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6.3 Experimental Section
6.3.1 Electrochemical carboxylation of a,f-unsaturated ketones

Procedure 1

The gas-tight two-compartment, six-neck electrochemical cell already reported
(see Chapters 2 and 3) was used. 25 mL of a 0.1 M solution in CH3CN of 0.1 M
tetrabutylammonium hexafluorophosphate as supporting electrolyte, containing
20 mM substrate, were loaded in the working (cathodic) compartment. The anodic
compartment contained 10 mL of CH3CN solution of 0.1 M tetrabutylammonium
hexafluorophosphate containing 10 eq (200 mM) triethylamine. The working
electrode was a glassy carbon rod (SIGRADUR, HTW; geometric area circa 1.5
cm?), fitted in the cathodic compartment together with the reference electrode
(Ag/AgCl, 3 M NaCl). The reference electrode was separated from the solution
via the already described custom-made salt bridge (see Chapter 3). The auxiliary

electrode was a platinum coiled wire, inserted in the anodic compartment.

Both compartments were degassed with COz2 for 20 minutes, then the electrolysis
experiment was started. An atmosphere of CO2 was kept above the solutions
throughout the electrolysis. The electrolysis was run in potentiostatic mode, at the

potential of the second voltammetric peak.

Procedure 2

The use of single-compartment electrochemical cells was studied to simplify the
system in the scope of an overall more sustainable setup requiring no noble metal
anode nor a toxic sacrificial agent. To allow for compatibility of the anodic process
with the target reaction in a single compartment, an aluminium sacrificial anode
was used. Sacrificial anodes, usually made or Al or Mg, are often used in
carboxylation reactions, given the very negative potentials required for the metal
ions (AI¥*, in this case, or Mg?*) deposition at the cathode. Furthermore,
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carboxylate product formation can benefit from the presence of Al3* ions, as they

may stabilize carboxylates via salt formation.

Two single-compartment cells were designed and produced in collaboration with
Mauro Meneghetti (glassblower at the Department of Chemical Sciences of the
University of Padova), and are represented in Figure 137. The first was equipped
with four ACE glass screw joints that were used to accommodate the electrodes
and allow for degassing of the internal solution. Sealing of the cell was achieved
by fitting the electrodes with suitable O-rings and using a gas-tight GC rubber

septum as the self-sealing inlet port for degassing and injecting reactants.

The second cell was constructed following a similar design, albeit with a smaller
volume (to allow for working with circa 25 mL of electrolyte solution. Furthermore,
the four-neck cell was equipped with Schlenk-type side arm fitted with a ground
glass stopcock, which allowed introduction of CO2 gas upon insertion of a PTFE
tube through the side arm. This latter could eventually be sealed after degassing,

without the need for piercing the central rubber septum.

Figure 137. Single-compartment electrochemical cells using for electrosynthetic

protocols with Al sacrificial anode.
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The solution in the cell was constituted by 0.1 M tetrabutylammonium
hexafluorophosphate or 0.1 M tetrabutylammonium chloride in CH3CN. 2
equivalents (40 mM) of N,N-dicyclohexylmethylamine (Cy2NCH3) were introduced

in the electrolytic solution directly in the cell. The electrodes were:

i) A glassy carbon rod as working electrode (circa 1.5 cm? geometric area)

i) An Ag/AgCl (3 M NaCl) via salt bridge reference electrode

iii) An aluminium coiled wire as the auxiliary electrode (sacrificial anode). The
metal was activated by immersion in 2 M HCI until vigorous hydrogen
evolution was observed, in order to remove the surface oxide layer. After
activation, the wire was rinsed with deionized water and acetonitrile, then

inserted in the electrolysis cell.

After assembling the electrochemical cell and degassing the solution for 20
minutes, the electrolysis was run in potentiostatic mode, at the potential of the

second voltammetric peak.
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6.3.2 Photoelectrochemical C—H activation by SnO: electrodes

dye-sensitized with Quinacridone

Photoelectrochemical measurements

The experimental setup was the same as described in Chapter 5. A gold electrode
(g 1.6 mm, BASI) was used as the CE, while potentials, registered vs Ag/AgClI (3

M NacCl) were referenced towards the Fc*/Fc couple.

Synthesis of B°°QNC

312 mg (1 mmol) of QNC were suspended in 50 mL of CH2Clz2, to which BOC20
(1.059 g, 4.8 mmol) and DMAP (254 mg, 2.1 mmol) were added. The reaction
mixture was left to stir at room temperature for 48 h. After the specified time, the
reaction mixture displayed a feeble green fluorescence. The mixture was brought
to dryness by rotary evaporation and treated with a minimal quantity of ethyl

acetate. BOCQNC was purified twice by column chromatography on silica gel:

1) eluent gradient starting from pentane/ethyl acetate (80:20), to pure ethyl

acetate;

2) eluent gradient starting from hexane/dichloromethane (80:20), to pure

dichloromethane.
The product was obtained as a yellow powder (210 mg, yield 41%).

The compound was highly soluble in many organic solvents, including
dichloromethane, ethanol and acetonitrile. The compound was found to be quite
sensitive to temperature and acid, undergoing partial decomposition on silica gel.
For this reason, CDCIs was treated with basic aluminium oxide before registering

the "H-NMR spectrum of the compound (Figure 138).

"H-NMR (300 MHz, CDCl3): & 8.78 (s, 2H), d 8.47-8.43 (dd, 2H), 8 7.90-7.71 (m,
4H), & 7.46-7.38 (td, 4H), & 1.79 (s, 18H). Impurities of water and
dichloromethane were observed.
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Elemental analysis: calculated for C3oH2sN20es C: 70.30% H: 5.51% N: 5.47%.
Found C: 70.09% H: 5.44% N: 5.04%.
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Figure 138. "H-NMR spectrum of BOCQNC.

Electrochemical cell design

Some work was dedicated to the design of a two-compartment glass gas-tight
electrochemical cell suited for studying photoelectrochemical preparative
reactions. A first cell (Figure 139) was designed together with Dr. Giulia Alice
Volpato (University of Padova) and realized by glassblower Mauro Meneghetti.
The cell was similar in structure to the one already described in Chapters 2 and
3, requiring similar degassing procedures. Briefly, it was constituted by two
compartments separated by a porous glass frit. The working electrode
compartment was equipped with four ACE glass screw joints and a ground glass
opening. This latter was added to house photoanodes, connected via alligator
clips to a copper wire contact, that could be lowered inside the electrochemical
cell. The copper wire contact was passed through a rubber septum, in turn
granting a gas-tight seal. The ACE glass screw joints were either used to insert

the reference electrode or sealed with rubber disk septa, as described in Chapters
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2 and 3. The auxiliary electrode compartment was instead equipped with two ACE
glass screw joints, to allow insertion of the auxiliary electrode in a sealed
environment. This cell was the one eventually used to run preparative

photoelectrolysis experiments in this project.

Figure 139. Two-compartment photoelectrochemical cell used to study QNC-

based photoanodes in gas-tight conditions.

A second cell was designed to have a simpler design and a wider optical window
for working with photoelectrodes. It was realized by Mauro Meneghetti and tested
for operativity, despite not being eventually used in the project. Briefly, it was
constituted by a cylindrical body composed by two compartments separated by a
sintered glass frit. The working electrode compartment (internal volume circa 50
mL) was fitted with two necks, one bearing a ground glass joint to locate the
reference electrode and one equipped with a GL 14 screw joint. This latter was
closed by a plastic screw cap with a hole in the middle. A silicone disk was

interposed between the cap and the glass joint to provide a gas-tight seal.

The working electrode was inserted in the cell by connecting it to a copper contact

via an alligator clip soldered to a copper wire. The copper wire was in turn used
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to pierce the silicone disk, thus allowing for introduction of the working electrode
into the cell. Similarly, degassing of the working compartment and injection of
liquid reagents could be performed by piercing the silicone septum. To prevent air
leakage, the holes pierced through the silicone seal were protected with UHU

Patafix.

The reference electrode was located in a custom-made salt bridge (constructed
by Mauro Meneghetti) fitted with a porous glass frit to grant electrolytic contact
between the solution in the working electrode compartment and the inner solution
in the salt bridge. The reference electrode was lowered into the salt bridge through
an ACE glass screw joint, so to allow for a gas-tight sealed environment. The salt
bridge was equipped with a ground glass joint that could fit into the inlet of the
working electrode compartment. Silicone grease was used to seal the ground

glass joint.

The auxiliary electrode compartment was equipped with one neck with a ground
glass joint. The auxiliary electrode (usually a Pt grid) was fitted through a rubber
septum that could seal the compartment. Schematic and operando

representations of the cell are provided in Figure 140.

Figure 140. Schematic (left) and operando (right) representations of the
photoelectrochemical cell designed to work in gas-tight conditions.
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