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Summary

Ever-increasing energy demands and associated climate change issues impose imperative
scientific challenges to society. Switching to an economy based on the carbon-free,
high-density energy carrier Hz represents a promising solution to the problems posed by fossil
fuel consumption. However, current methods of H: production are expensive and
unsustainable. Solar H>O splitting presents an attractive approach for renewably generating H»
in abundance. Despite this, current technological breakthroughs in this area are hampered by a
lack of efficient, cost-effective catalysts for the endergonic, proton-coupled 4-electron
O evolution half-reaction (OER). Therefore, the development of H,O oxidation catalysts
(WOCs) based on earth-abundant materials to provide low-energy pathways for the OER is of

utmost importance to satisfy global energy needs in an environmentally friendly manner.

Due to the thermodynamic and kinetic barriers to the OER, current catalysts for this reaction
suffer from poor activity or instability. Moreover, many state-of-the-art WOCs rely on costly
rare-earth elements. Metal-organic frameworks (MOFs) are metallo-supramolecular materials
with well-defined cavities and unprecedented surface areas which can incorporate redox-active
building units. Thus, MOFs represent a hopeful class of compounds to catalyse H>O oxidation.
This thesis aims to prepare and use metallo-supramolecular assemblies such as MOFs, metal-
oxo clusters and complexes constructed using earth-abundant elements as catalysts for the
challenging OER. The results presented in this thesis include the synthesis and structural
characterisations of several metalloenzyme-inspired materials. Moreover, the exploration of
these hybrid organic-inorganic systems as WOCs towards artificial photosynthetic applications
is described. Ultimately, post-catalytic experiments are discussed which attribute the observed

OER activities to various molecular species.

Chapter 1 contains a discussion of the historical context of this work and outlines the concepts
drawn upon by this thesis. A literature review follows, giving an impression of the current

state-of-the-art. The chapter concludes with a delineation of this project’s aims and objectives.

In Chapter 2, the synthesis of a dicarboxylic acid-functionalised porphyrin 15-di(4-
carboxyphenyl)-10,20-diphenylporphyrin H4sL1 and several metalloporphyrin complexes
HzoL1-Cu", HoL1-Ni" and H.L1-Pt" are described. The ligand HzL1-Cu'" is then used to
synthesise two novel Co'-based MOFs, [Co'"4(L1-Cu'")s(H20)7]-2DEA-8MeOH (1) and



[Co"(L1-Cu')(DEA)]-H20-3MeOH (2). Following this, the developed methodology to assess
light-driven H20 splitting catalysis is described. An investigation of the photocatalytic H.0
splitting properties of 1 is then discussed, as this compound was rationalised as more promising
than 2 for this purpose. This study reveals that 1 performs as an effective catalyst for
light-driven H>O oxidation, vyielding excellent turnover characteristics. Ultimately,

post-catalytic characterisation experiments support the assignment of 1 as a genuine WOC.

Chapter 3 outlines the evaluation of a variety of Mn-oxo coordination compounds for
photocatalytic H.O oxidation activity. The study reveals nine compounds (3 — 11) that display
apparent catalytic activity towards H>O oxidation. The nonadecanuclear Mn-oxo cluster
[Mn"'1,Mn"7(us-0)s(Hs-OCHa)2(Hs-Br)s(HL 2)12(MeOH)s(MeCN)]Br-9MeCN-MeOH  (11)
reveals the highest catalytic activity of 3 — 11. Therefore, further investigations into the
catalytic properties of this compound were conducted, which illustrate that 11 is a genuine
molecular H>O oxidation catalyst with an activity that is superior to that of any heterogeneous

Mn-oxo cluster previously reported in the literature.

In Chapter 4, the synthesis and characterisation of a trinuclear disc-shaped complex
[Co'"3(L3)2(H20)6]°" are discussed. This supramolecule assembles in the solid state through an
extensive network of halogen and hydrogen bonding interactions to form the water insoluble
halide-MOF [Co'"3(L3)2(H20)s]Cls-DMF-6H20 (12). The catalytic H-O oxidation properties
of 12 under photo- and electro-chemical conditions are then described, in addition to a series
of post-catalytic characterisation experiments which indicate that 12 is indeed a true OER
catalyst. Finally, a computational analysis is described which proposes a catalytic mechanism

for O, formation that agrees well with empirical data.

Chapter 5 details the synthesis and characterisation of four novel supramolecular assemblies
[Mn"(HL1-Cu"),(DEA),]-DEA  (13), [Mn'(L1-Cu")(MeOH),]-DEA-MeOH  (14),
[Mn"(HL1-Ni"2(DMF).]-3DMF (15) and [Mn'(L1-Ni")(DMF),]-4DMF (16) which
comprise Mn'-based building units connected by ditopic porphyrin ligands. The light-driven
H2O splitting properties of these compounds is assessed, although only modest catalytic
activity was revealed. In the next section of this chapter, two novel supramolecular structures
[Zn"40(L1-Zn")3(H20)3] (17) and (TEAH)2[In"(HL1-Cu")2(Ac)2]CI-H,0 (18) are discussed.

In Chapter 6, details of the experimental materials and methods are described.

Chapter 7 concludes on the results described in this thesis and outlines some possible avenues

for future work.
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Chapter 1 — Introduction

1.1 Motivation and Global Context

The dawn of the industrial revolution in the mid-18" century profoundly and permanently
changed humanity's relationship with Nature. Harnessing energy stored within fossil fuels for
many millions of years impacted every aspect of civilisation; not least in terms of population,
which surged from ca. 750 million to over 7.5 billion in just a handful of generations. This
rapid growth was accompanied by an exponential rise in energy consumption, which is
forecasted to exceed 27 TW by 2050.*

Today, more than 80% of the energy produced globally stems from the combustion of
carbonaceous fuels with a low (coal), medium (oil) or high (natural gas) hydrogen content.?
This exothermic process converts chemical energy of C — C and C — H bonds into heat while
evolving the greenhouse gasses (GHGs) H20 and CO». The rate of anthropogenic CO2 emission
greatly exceeds the rate of CO> partitioning into the biosphere and oceans. Because of this,
current atmospheric concentrations of this GHG have reached their highest levels in between
650,000 to 20,000,000 years.>®

It is widely acknowledged that the accumulation of CO2 in our atmosphere can significantly
disrupt the earth’s climate system, eliciting far-reaching consequences such as sea level and
temperature rises, ocean acidification, tropical cyclone intensification and increased drought
frequency and severity with deleterious effects on biodiversity.”° Coupled with energy
security concerns and increasing air pollution mortality rates associated with burning fossil
fuels, an enormous societal challenge is presented. It is therefore a scientific imperative to

pursue concepts for harnessing energy sources that are both renewable and carbon-neutral 12



Chapter 1 — Introduction

1.1.1 Modern Sustainable Energy Technologies

There is much contemporary research into the development of environmentally friendly and
renewable energy options such as solar, wind, hydrothermal, tidal and geothermal power.*3
Solar energy represents a particularly promising energy source as it is clean and inexhaustible.
The total power striking the earth exceeds 100,000 TW. This surpasses the current global
demand of 15 TW by many orders of magnitude.* The sunlight that reaches earth every hour

thus delivers almost as much energy as humanity uses in a year.™

At present, the most widely implemented devices for utilizing solar radiation are photovoltaic
systems.*® Photovoltaic cells capture solar radiation to generate an electric current by exploiting
the photovoltaic effect.)” While this technology has made impressive strides since its first
conception, with steady improvements in efficiency through multiple generations (from <1%
to >40% for state-of-the-art modern devices), they are not without their disadvantages.'® °
Because of the high price of their manufacture and the reliance of some devices on extracting
rare-earth elements such as indium and tellurium (which have natural abundancies within the
earth’s crust of ca. 150 and 1 parts per billion, respectively),?®? solar energy remains more

expensive than grid power in most countries.??

The manufacturing costs of photovoltaic devices are decreasing.”®> However, a greater
challenge comes with the fact that photovoltaic cells can only produce electricity during
daylight hours, whereas energy is consumed constantly. Moreover, the vast majority of the
energy society’s energy use comes in the form of liquid fuels (ca. 80%), which are used for
transportation and other purposes, whereas only around 20% of energy is used as electricity.
Therefore, an efficient method for storing, transporting and quickly releasing solar energy as

needed is required.?*

H> has been suggested as an attractive energy carrier of the future because it is carbon-free and
has a very high gravimetric energy density (142 MJ kg™ for H2 compared to 46 MJ kg™ for
petrol). However, the current industrial methods relied upon to produce this gas are costly and
non-renewable.?>2® One promising solution for this is to rearrange the bonds of H2O into H;
and Oz using solar energy. Using a small pool (4 x 3 x 1 m?) of H20 as feedstock, enough Hz
could be generated to satisfy the annual energy requirements of one person.?” Harnessing and
storing sunlight in solar fuels by splitting H-O is the basis of photosynthesis, and offers an

opportunity for sustainably satisfying civilisation’s energy expenditure.



Chapter 1 — Introduction

1.1.2 Solar Energy Storage

In 1912, the Italian photochemist Giacomo Luigi Ciamician delivered a public address in which

he presciently predicted:

“On arid lands, there will spring up industrial colonies without smoke and without
smokestacks; forests of glass tubes will extend over the plants and glass buildings will
rise everywhere; inside of these will take place the photochemical processes that
hitherto have been the guarded secret of the plants, but that will have been mastered
by human industry which will know how to make them bear even more abundant fruit
than Nature, for Nature is not in a hurry and mankind is. And if in a distant future the
supply of coal becomes completely exhausted, civilization will not be checked by that,

life and civilization will continue as long as the sun shines!”?®

Ciamician was perhaps one of the first scientists to recognise how capturing sunlight within
chemical bonds could alter the trajectory of humanity. More than a century later, there has
never been a greater urgency for renewably produced solar fuels. Whilst Ciamician sought to
secure our energy supply beyond the exhaustion of earth’s finite fossil fuel reserves, a more
pressing problem has arisen from the combustion of these substances at such a scale that it has

significantly perturbed the composition of earth’s atmosphere.

Nature’s approach of storing energy from the sun within energy-rich chemical fuels could be
adapted to inspire the design of artificial photosynthetic devices.!* Such systems offer an
avenue to replace fossil fuels with less polluting, carbon-free energy carriers. Additionally,
photosynthetic fuels could be produced from two essentially inexhaustible resources: sunlight
and water.?® However, current devices implementing this process are impeded by high
production costs, poor stability or slow reaction rates, rendering them impractical solutions for

solar fuel generation in their current state.*

To advance artificial photosynthetic technologies, it is necessary to understand the underlying
mechanistic details of how Nature achieves H.O splitting. In the century following Ciamician’s
address, this “guarded secret of the plants” has been painstakingly unravelled using modern
spectroscopic and X-ray techniques, granting us insights he may only have speculated upon. In
the following section, the highly sophisticated and specialised mechanisms and architectures

which have evolved to accomplish photosynthesis are outlined.



Chapter 1 — Introduction

1.2 Photosynthesis in Nature

The advent of oxygenic photosynthesis ca. 2.5 billion years ago marks one of the most
significant transitions in evolutionary history.3* The process was pioneered by cyanobacteria,
which use sunlight to transform H>O and CO- into energy-rich carbohydrates, releasing O- as
a waste product according to Eqgn. 1.1.3%% The success of these prokaryotic photoautotrophs
(which were to evolve into chloroplasts of the photosynthetic eukaryotes higher plants, algae
and euglena via endosymbiotic incorporation) resulted in an accumulation of atmospheric O2
and the formation of a protective ozone layer.3* This shift, known as the ‘Great Oxidation
Event’ simultaneously triggered earth’s largest known extinction event, whilst paving the way

for the development of complex multicellular aerobic life.*®

h
6CO, + 6H,0 — CgHy,06 +60, (Eqn.1.1)

The carbohydrates formed during photosynthesis constitute the building blocks of all living
organisms, and fossil fuels.%® Cyanobacteria and eukaryotic photosynthetic organisms have
mastered the exploitation of solar energy using an intricate electron-proton transport chain,
mediated by an assembly of highly specialised thylakoid membrane-bound protein complexes

and cofactors.” A schematic representation of the structures involved is depicted in Fig. 1.1.
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Figure 1.1: Schematic representation of the light-driven electron-proton transport processes occurring between

membrane-bound proteins and cofactors in the thylakoid membrane of photosynthetic organisms. Adapted from Ref. 37.
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In natural photosynthesis, the two reaction centres photosystem Il (PS 1) and photosystem |
(PS 1), which are linked by cytochrome bef and other mobile electron carriers, transfer electrons
from H20O to nicotinamide—adenine dinucleotide phosphate (NADP™). This process is driven
by solar photons that are absorbed by the porphyrin pigments chlorophyll a and chlorophyll b
in light-harvesting complexes | and Il (LHCI and LHCII), creating a photoinduced charge
separation. Electron-hole pairs generated in LHCII are then funnelled through resonance
energy transfer processes to a chlorophyll special pair (Psgo), which acts as the primary electron
donor of PS 11.33 Excitation of Pggo precedes sequential electron transfers from Pego* to
pheophytin (Pheo), followed by plastoquinone (Qa and Qg) electron acceptors, generating
Psso™", Qa" and Qg™ The ground state Peso is then regenerated as electrons abstracted from
H20 by a {Mn4} cluster known as the oxygen evolving complex (OEC) are transferred to the

excitonic dimer by a redox-active tyrosine residue on the D1 subunit of PS 11 (Y;).%°

Reduction of Qg™ affords the formation of plastoquinol (PQH2), which travels across the
thylakoid membrane where it is oxidised by cytochrome bef, which in turn reduces plastocyanin
(PC). A 2" light-driven reaction follows at P700, which is associated with LHCI of PS I. This
reaction centre oxidises PC and reduces the electron carrier protein ferredoxin (Fd) via special
a chlorophyll a (Ao) and vitamin K (Aq) cofactor, and an iron—sulfur protein (FeS). Ultimately,
reduced Fd is used by ferredoxin—-NADP* reductase (FNR) to reduce NADP* to NADPH. The
energies of the electrons involved in this process are shown in Fig. 1.2. This series of redox

reactions provides the basis of Nature’s completely sustainable energy storage solution.*!

A NADP* + 2 H*

Membrane bound

2e”
0 Fesprotens farredorin LN
Pheophytin reductase

2e
Plastoquinone\
Cytochrome bsf\

2e”
Plastocyanin

Y J NADPH + H*

Electron transport chain
providing energy for ATP
synthesis

Energy of electrons

% 0,+2H*

Figure 1.2: Schematic representation of the electron transport chain in natural photosynthesis showing the energy of
electrons in a “Z-scheme”. The light-absorbing reaction centres PS | and PS Il drive the endergonic steps, ultimately

transferring electrons from H20 by the oxygen evolving complex (OEC) to NADP* reductase. Reproduced from Ref. 11.
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The oxidation of H2O by the OEC, the reduction of Qa and Qg, the oxidation of PQH; at
cytochrome bsf and the conversion of NADP* to NADPH all contribute towards the formation
of a proton gradient across the thylakoid membrane. The energy stored within this gradient is
used by ATP synthase to convert adenosine diphosphate (ADP) into adenosine triphosphate
(ATP). The energy carriers ATP and NADH are ultimately consumed in the Calvin-Benson

cycle, which fixes CO, from the atmosphere to create energy-rich carbohydrates.*?

It is worth noting that the photoexcitation of Pego is a one-photon/one-electron process, however
the reduction of PQ and the oxidation of H.O are two- and four-electron processes,
respectively. Hence, these chemical transformations require charge accumulation coupled to
protonation reactions involving intermediates which are stabilized by their protein
environment. Moreover, the initial light-driven splitting of H20 is a highly endergonic process,
with a Gibbs free energy change AG° =+237 kJ per mole of H,O decomposed.*® Nature
overcomes these challenges using PS II: a protein complex with an unequalled capacity for

light-driven H2O oxidation.**
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1.2.1 Photosystem |1

PS Il is a highly specialised, dimeric thylakoid membrane-bound protein complex with a
molecular weight of ca. 650 kDa.*® The crystal structure of cyanobacterial PS 1l from
Thermosynechococcus elongatus is presented in Fig. 1.3.4¢ PS I is found in all photosynthetic
organisms, and its overall function is to use solar energy to oxidise H-O, liberating high-energy
electrons for the reduction of plastoquinone.*’*8 Hence, PS Il controls the first steps in the

electron transport chain of photosynthesis.

Light-harvesting antennae complexes such as LHCII are vital to the operation of PS II. These
structures are embedded with © conjugated metalloporphyrin and carotenoid chromophores that
constitute an excitonically linked network which absorbs broadly in the visible region.
Photosynthetic pigments are positioned to facilitate photon capture and funnelling of solar
energy into the reaction centre Pego at the heart of PS Il via resonance energy transfer.***° This
results in the formation of the cationic radical species Pggo™ with a high one-electron redox

potential that provides the driving force for the highly endergonic H2O splitting reaction.>*

,Non-heme Fe
heme b559
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Figure 1.3: X-ray structure of the PS 11 dimer of the cyanobacterium Thermosynechococcus elongatus at 3.5 A resolution.
View is perpendicular to the membrane normal. Subunit colour scheme: D1 yellow, D2 orange, CP47 red, CP43 green,
cyt b559 wine red, PsbL, PsbM, and PsbT medium blue, PsbH, Psbl, PshJ, PsbK, PsbX, PshZ, and PsbN grey, PsbO blue,
PsbU magenta and PshV cyan. o-Helices are represented as cylinders. Chlorophylls of the D1 and D2 reaction centre are
light green, pheophytins are blue, chlorophylls of the antenna complexes are dark green, -carotenes are orange, hemes
are red, nonheme Fe is red, Qa and Qg are purple. The OEC is shown as the red (O atoms), magenta (Mn ions), and cyan
(Caions) balls. Adapted from Ref. 46.
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1.2.2 The Oxygen-Evolving Complex

Embedded within PS 11 is a Mn-oxo cluster known as the oxygen evolving complex (OEC).>
This {Mn«CaOs} cluster is used to oxidise H20 at close-to-neutral pH with an efficiency that
is unparalleled by any other synthetic system, with the OEC producing up to 500 molecules of
0, every second.*®>3 This remarkable, highly conserved catalyst is the only biological entity
capable of creating an O — O bond from H20, and as such is the sole source of our atmosphere’s
21% 0,.%* Recent X-ray, spectroscopic and computational studies have yielded new structural

and mechanistic insights into H.O splitting catalysis by the naturally occurring OEC.%’

The X-ray structure of the {MnsCaOs} OEC is presented in Fig. 1.4. The cuboidal complex
features four oxo-bridged Mn atoms and one Ca atom which occupy four corners of the cube,
whilst four bridging oxo atoms occupy the remaining corners. An additional, pentacoordinated
‘dangler’ Mn centre attaches to the cubane core through two oxo bridges.>® This dangling Mn
atom, which is also coordinated by two aqua ligands, is suspected of playing a pivotal role in

0, evolution.>®® The overall structure of the OEC resembles a distorted chair.5?

Qw4
D1-D170 W3Q@! s
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Figure 1.4: Crystallographically determined X-ray structure (1.9 A resolution) of the cuboidal {MnsCaOs} OEC of PS II
and its ligand environment. Colour scheme: Mn purple, Ca yellow, O red, N blue. D1 subunit C atoms are in green and
the CP43 subunit C atoms are in pink. Adapted from Ref. 58.
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Despite the challenges of H.O oxidation, PS Il mediates this process with exceptional
efficiency. Therefore, the mechanism of catalysis by PS I1 has been intensely investigated.®? In
1970, a catalytic cycle was proposed by Kok et al. based on flash-photolysis experiments
performed the previous year by Joliot et al., which revealed that four sequential flashes of light
induce O, evolution in a photosynthetic organism.%%4 The Kok-Joliot cycle (Fig. 1.5) involves
the sequential abstraction of four electrons from the {Mn.CaOs} OEC by Pego™ via Yz. As
oxidising equivalents are transferred to the OEC, it cycles through five storage states (S-states)
from Sp — Sa, where So is the most reduced and S4 is the most oxidised state of the Mn ions
within the complex. In the final, light-independent transition from Ss — So, Oz is released and
the ground state of the OEC is regenerated.®® Due to the short-lived nature of the Sy state, this

transient intermediate is poorly characterised and still hotly debated.®:57

Pe80°  P68D

Figure 1.5: Kok cycle showing the five oxidation states (So — S4) of the OEC involved in H20 splitting. Solar energy is
used to oxidise P680 to P680°*, which subsequently oxidises the {MnsCaOs} cluster of the OEC. Adapted from Ref. 68.

With each photo-driven S state change of the OEC, both a proton and an electron are removed
from a bound H,O molecule.*” These proton-coupled electron transfers (PCETs) are pivotal to
the proficiency of PS Il, as for every electron that is transferred to Pego™ by the OEC, a proton

10
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is simultaneously transferred to the amino acid residues which surround the reaction centre.®
Hence, PCETs allow for the accumulation of four oxidising equivalents whilst preventing large
charges building up in the vicinity (and unduly destructive, high redox potentials). This
synchronised shuffling of charge carriers is one way in which Nature accommodates a

low-energy pathway for H2O oxidation.™

The activity of the {MnsCaOs} vastly surpasses that of state-of-the-art modern synthetic
catalysts for H2O oxidation, which are also prone to decompose irreversibly.”>’2 The stability
issues encountered with synthetic systems are unsurprising, considering that the OEC and its
surroundings also constantly undergo degradation during Oz evolution; however, self-repair
mechanisms reconstitute the integrity of the OECs integrity, without which the cluster would
become inactive within thirty minutes.”® The stabilising protein subunits which surround the
OEC are crucial to its activity.”* The redox-active Y residue is intimately involved in the
catalytic activity of the complex, as it links the OEC to Pego electronically, and is in close

enough proximity that it may directly participate in catalysis.”

PS 11 and the OEC may serve as blueprints for the development of synthetic catalysts with
analogous structural characteristics which mimic their function.”® Indeed, many promising
bioinspired H.O oxidation catalysts (WOCs) have already been developed which comprise
polynuclear Mn complexes, cubane motifs or non-innocent ligands.%%77-"® |n this thesis, the
synthesis and characterisation of polynuclear Mn complexes containing redox-active ligands
and frameworks based on porphyrins and transition metal species which could have potential

as biomimetic water oxidation catalysts are investigated.

11
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1.3 Artificial Photosynthesis
1.3.1 The H20 Splitting Reaction

The ubiquitous presence of H20 on earth in oceans, lakes and rivers means that the solvent of
life harbours an essentially endless pool of redox equivalents. In Nature, PS Il extracts
high-energy protons and electrons from H>O which, are ultimately employed in the synthesis
of complex carbohydrates that serve several functions, including as energy carriers.®° However,
perhaps a more pragmatic approach would be to recombine reducing equivalents released from
the decomposition of H»O to produce Ha, which can be used as a carbon-free fuel and chemical
feedstock.8182 This can be accomplished by coupling H2O oxidation (Egn. 1.2) with proton

reduction (Eqn. 1.3), thus generating H2 and O (Eqgn. 1.4).

2H,0 > 0, +4H* +4e~ E°=1.23Vvs.NHE (Eqn.1.2)
AH* + 4e™ - 2H, E° = 0.00 V vs.NHE (Eqn. 1.3)
2H,0 - 0, + 2H, E° = 1.23 V vs.NHE (Eqn. 1.4)

1.3.2 Electrolytic H20 Splitting

As early as 1789, the Dutch merchant Deiman and medical doctor van Troojstwijk established
that passing an electric potential through H>O results in its decomposition into its elemental
constituent components Hz and 02.8% In this experiment, a powerful electrostatic generator was
discharged to a apply a voltage across two gold electrodes submerged in H20O, resulting in the
release of O at the anode and H> at the cathode. This influential discovery had a far-reaching
impact on the development of chemical theory. However, H>O electrolysis is currently a

prohibitively costly method of producing H.8*

H>0O electrolysis is expensive due to the inherent stability of H.O, meaning large amounts of
power are needed to induce its decomposition. Under standard conditions, the free energy
required to convert one mole of H20O into Hz and %20> is AG® = 237.2 kJ, which corresponds to
a minimum electric potential of E° = +1.23 V per electron transferred according to the Nernst
equation.®> However, in practice, additional energy above this theoretical minimum potential,
known as the overpotential (), must also be applied to overcome the kinetic barriers associated

with the destruction and creation of new chemical bonds.® This is particularly true for the
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complex oxygen evolving reaction (OER), which involves the transfer of four electrons, the re-

arrangement of multiple bonds and the formation of an O — O bond.®”

The overpotentials of H>O splitting can be reduced using a WOC or a H> evolution catalyst
(HEC) in combination with an anode or cathode, respectively.® Electrocatalysts expedite H20
splitting by allowing alternative, lower energy decomposition pathways, thus minimising the
kinetic barriers of the OER or the hydrogen evolving reaction (HER). WOCs and HECs,

therefore, reduce the energy required to carry out H2O splitting.

The efficiency of an electrocatalyst can be determined by the necessary overpotential required
to elicit a catalytic response. HECs and WOCs operating at potentials close to their Nernstian
potentials of E° = 1.23 and 0.00 V vs. NHE, respectively are highly desirable.®® Further, the
applied potential required to reach a current density flowing through an electrode of 10 mA
cm 2 s often used as an indication of a catalyst’s activity.! Finally electrocatalysts constructed
from cheap, non-toxic materials that retain activity over prolonged periods of use are

particularly promising.

However, even with the use of effective catalysts conventional electrolysers still require
significant energy inputs. Without coupling H2O electrolysis to a renewable energy source, this
process alone does not represent a sustainable solution to the energy crisis.®? Using solar energy
to drive this process presents an opportunity to generate Ho without relying on fossil fuels.
Although the potential advantages afforded by such artificial photosynthetic systems are
enormous, vast technological challenges are also presented.

13
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1.3.3 The Photo-Electrochemical Cell

A major technological milestone towards light-driven H>O splitting came in 1972 with the
discovery of Honda-Fujishima effect and the subsequent development of the
photo-electrochemical cell (PEC).% A PEC can convert solar radiation into energy stored in
chemical bonds. Therefore, this breakthrough provided the first tangible indication that
artificial photosynthesis could become a practicable reality. A typical PEC comprises two
semiconductor electrodes which are immersed in an aqueous electrolyte solution and connected

via an external circuit (Fig. 1.6).%

0,
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Figure 1.6: Schematic representation of a PEC for overall light-driven H20 splitting. Adapted from Ref. 11.

In a PEC, a proton exchange membrane (PEM) divides the device into two sections: an anodic
compartment in which the OER occurs and a cathodic compartment where the HER takes place.
Physically separating the sites of H,O oxidation and reduction is advantageous, as a highly
efficient WOC may be inactive towards the HER, whilst an excellent HEC may be
inappropriate for mediating the OER. In addition, having two different compartments for H»
and Oz evolution is beneficial, as it allows H> to be obtained in high purity and is safer, as it
prevents the violent recombination of the two gasses. The driving force for H.O splitting is
provided by photons which are absorbed by either a semiconductor photoelectrode (SC 1 or
SC 2) with an appropriate bandgap or an associated photosensitiser (PS). The efficiency of the
system can be improved using either a WOC, a HEC or both by lowering the energy required

to evolve Oz and H2.%

In Honda and Fujishima’s pioneering study, the decomposition of H20 into Hz and Oz was
achieved without applying an external current using a PEC comprising an n-type TiO>

photoanode connected to a Pt cathode. In this device, UV-illumination of the semiconductor
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anode leads to the promotion of electrons from the conduction band (CB) to the valence band
(VB), forming photoexcited electron and positive hole pairs. Four photogenerated holes then
combine with the valence electrons of two H20 molecules at the surface of the anode, releasing
O and four protons. Simultaneously, excited electrons migrate via the external circuit to the

cathode where protons produced by the OER are reduced, releasing gaseous Ho.

Since their initial conception, PECs have been explored extensively for H-O splitting.%°’
Despite significant technological advances, achieving a solar-to-hydrogen efficiency of over
10% and long-term stability using these systems is challenging.®®°® Moreover, due to the large
bandgaps of the semiconductor materials employed in PEC electrodes, substantial sections of
the solar spectrum cannot be harnessed. For example, the n-type TiO2 photoanodes of Honda
and Fujishima’s prototypal PEC display a bandgap of 3.0 — 3.2 eV, and therefore can only
absorb UV-light (which accounts for just 5% of the energy content of sunlight).%%% For these

reasons, PECs do not yet represent an economically viable means to produce Hz.%?

To make H2O splitting PECs cost-effective, much contemporary research is being carried out
to improve the efficiency of these systems.®#91% This could be achieved by developing
efficient molecular WOCs and HECs to lower the overpotentials associated with H2O splitting.
Homogeneous catalysts could be incorporated into a working PEC by dissolving the WOC in
the electrolyte, whilst heterogeneous catalysts can be anchored to electrodes to increase H:
production.!! In addition, integration of a light-absorbing PS may allow a greater portion of the
solar spectrum to be utilised.* It is also desirable that WOCs, HECs and PSs used in PECs
are constructed from inexpensive, earth-abundant and non-toxic materials for the technology
to be widely adopted.1>1% |n the following section, some practical considerations for studying

light-induced H-O splitting catalysis are discussed.
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1.3.4 Photocatalytic H20 Splitting

Solar H2O splitting is currently a highly active area of materials and catalysis research.%” A
commonly employed strategy is to investigate and optimise catalysts for each half-reaction
separately. In practice, this is achieved using homogeneously dispersed PSs and sacrificial
reagents. Using sacrificial reagents is advantageous as it allows OER or HER catalysts to be
studied and optimised independently of one another. Under these conditions, electrons flow
through the WOC or HEC in the same manner as in a PEC. However, fewer variables need to
be controlled than in a complete H2O splitting cell, and counterproductive charge-carrier
recombination processes are prevented. Moreover, this allows the O2 and H> evolving reactions
to be studied in isolation as evolved gasses do not need to be separated. Once each catalyst has

been optimised, a WOC and a HEC can be combined in a working PEC.

Catalysts for the four-electron H2O oxidation reaction are typically assessed as part of a
three-component photocatalytic system comprising a WOC, PS and sacrificial electron
acceptor (SEA) such as Na»S>0s. A buffer solution is also commonly employed to counteract
pH changes.'® Fig. 1.7 illustrates the flow of electrons in such a three-component system:
Absorption of a photon by a PS generates PS”, which will reduce the SEA resulting in the
formation of PS™ and permanent decomposition of the SEA. Provided that its redox potential
is sufficient, PS* can then sequentially abstract four electrons from the WOC. Acquisition of

four photogenerated holes by the WOC allows it to mediate the multielectron OER.!

2H,0

Direction of electron transport

Figure 1.7: Series of expected interactions between a PS, SEA and WOC leading to light-driven H2O oxidation.
Absorption of a photon by PS absorbs causes it to enter an excited state PS*, which then transfers an electron to the SEA
and becomes PS*. The WOC is activated by four consecutive one-electron transfers to PS*. By abstracting electrons from

the PS, the SEA adopts an analogous role to H* as the final electron acceptor.
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Similarly, when testing PS/HEC combinations a sacrificial electron donor (SED) such as
methanol (MeOH), triethylamine (TEA) or triethanolamine (TEOH) can be employed,
facilitating detailed HER studies. In this case, electrons flow from the SED to the HEC via the
PS, generating HEC™. The reduced catalyst may then be able to transfer electrons to H™,

simultaneously forming H and regenerating the ground state of the catalyst.

hv
= B -

Direction of electron transport
Figure 1.8: Series of reactions involved in the light-driven HER using a HEC, PS and SED. Absorption of a photon by

2H,

the PS causes the species to enter an excited state, PS*. The SED then reduces PS*, resulting in the formation of the

species PS™. This reduced species may then transfer an electron to the HEC, which in turn reduces H* to Ho.

Kinetic monitoring of light-driven H>O splitting reactions can be achieved using a Clark
electrode inserted into the photocatalytic reaction mixture.’%%2 To quantitatively compare
H>O splitting catalysts in the literature, different metrics may be considered. These aspects
relate to the intrinsic activity of a catalyst and its robustness. The overpotential n| (see Section
1.3.2) and the turnover frequency (TOF) are associated with a catalyst’s activity, whilst the
turnover number (TON) relates to its robustness. The TON and TOF of a WOC are defined

below:113

Moles of 0, Evolved
Moles of WOC Employed

Turnover Number (TON) =

Moles of O, Evolved
Moles of WOC Employed X Time Elapsed

Turnover Frequency (TOF) =
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1.3.5 Photosensitisers for H20 Splitting

A light-harvesting PS is a crucial component of any photocatalytic H,O splitting system.!'4
Absorption of a photon by a PS generates a photoinduced charge separation, which leads to the
oxidation or reduction of a WOC or a HEC, respectively. Thus, these species provide the

driving force for the photocatalytic OER and HER.”®

Several stringent requirements must be satisfied for a PS to be suitable for solar-driven H.O
splitting: Effective chromophores should absorb a broad range of visible light, have a high
molar extinction coefficient (g) in this region, display a redox potential sufficiently high to
facilitate electron transfer from a WOC or to a HEC, manifest long-lived excited-states that are
adequate to affect intermolecular processes and exhibit photostability to allow prolonged use.

Ideally, a PS should also be constructed from cheap and abundant, non-toxic materials.''>!16

A large number of chromophores have been used as PSs for light-driven H2O splitting in the
literature, including Ru- and Ir-based polypyridyl complexes, porphyrins, phthalocyanines,
quantum dots and others.*’*?! The structures of some of these PSs are shown in Fig. 1.8.
Perhaps the most well-studied PS for molecular H20O splitting catalytic studies is [Ru(bpy)s]Cl:
(bpy = 4.,4’-bipyridine).!?>'2 This homoleptic polypyridyl Ru complex is employed
extensively in the literature, as it satisfies most of the conditions outlined above. However,
[Ru(bpy)s]Cl2 is prone to decomposition under the working conditions of the OER and is

expensive to use as it contains the rare-earth element Ru.1

2+ 2+ OH HO

201 2PF¢"

o = O

o} 0
OH HO

Figure 1.8: Structures of three PSs which have been employed in light-driven H20 splitting studies (left) [Ru(bpy)s]Clz,
(middle) [Ru(bpy)2(deeb)](PFs)2 and (right) [meso-tetra(4-carboxyphenyl)porphyrinato]-Cu'.
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Another attractive chromophore for sensitising H20 splitting catalysts is the heteroleptic ester-
functionalised PS, [Ru'(bpy)2(deeb)](PFe)2 (deeb = diethyl 2,2"-bipyridine-4,4'-dicarboxylate).
This PS is structurally similar to [Ru''(bpy)s]Cl2, however, it displays a greater redox potential
in its one-electron oxidised state. Whilst the redox potential of the homoleptic PS is
E1z [Ru"(bpy)s]®*/[Ru"(bpy)s]?* = 1.26 V vs. NHE, the heteroleptic PS has a redox potential of
Eiz [Ru"'(bpy)2(deeb)]**/[Ru' (bpy)2(deeb)]?* = 1.40 V vs. NHE. As the latter PS displays the
greater redox potential, this species is expected to provide stronger driving force for
thermodynamically uphill H20 splitting reactions. Akermark et al. demonstrated the superior
photosensitising ability of [Ru''(bpy)z(deeb)](PFs). over [Ru'(bpy)s]Cl2 in a series of

photocatalytic OER experiments.!??

The expected interactions of the one-electron PS [Ru(bpy)2(deeb)]?* with the two-electron SEA
S20¢*” and a WOC during the light-driven OER are displayed in Scheme 1.9. O evolution is
preceded by the consecutive abstraction of four electrons from the WOC by the PS. However,
numerous alternative non-catalytic pathways exist. For example charge carrier recombination

events or PS/WOC decomposition processes can all have diminutive effects on OER activity.2

WOC 0, +4H :

4[Ru(bpy),(deeb)]*'=

hv (x4) 2H,0
4[Ru(bpy),(deeb)]*’
28,0

4[Ru(bpy),(deeb)]2" 2

2[Ru(bpy)s(deeb)]*”  2[Ru(bpy)s(deeb)]*”

280,% +2S0;” > 450,%

Scheme 1.9: General pathway to photocatalytic O2 formation using (a) [Ru(bpy)2(deeb)]?* or (b) [Ru(bpy)2(deeb)]?* as a
PS in presence of a WOC and S208%" as a SEA in the presence of a WOC.

In addition to these polypyridyl chromophores, there is growing interest in PS Il-inspired
porphyrins as PSs for light-driven H.O splitting catalysis.’>> Metalloporphyrins offer
advantages over Ru- and Ir-based dyes as they do not necessitate the use of rare-earth metals,
and may demonstrate heightened photostability compared to other well-established PSs.11°126

For example, in 2015 Brouwer et al. demonstrated that two related Pt'"'-based metalloporphyrin
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complexes TCPP-Pt' (TCPP = [meso-tetrakis(4-carboxyphenyl)porphyrinato]) and TMPP-Pt"
(TMPP = [meso-tetrakis(4-methoxycarbonylphenyl)porphyrinato]) function as effective PSs
for H.O oxidation when used in combination with two homogeneous Ir- and Co-based
WOCs.!® Under the working conditions of the OER, TCPP-Pt"" and TMPP-Pt" displayed
excellent photostability which was superior to that of [Ru''(bpy)s]Cl.. In addition, TMPP-Pt"
exhibited triple the photon capture ability and a redox potential which exceeded the redox

potential of the commonly used PS [Ru'(bpy)s]Cl2 by 240 mV.

The following year, an investigation led by the same group revealed that metalloporphyrin PSs
comprising earth-abundant, first-row transition metals demonstrate promising photosensitising
abilities when used with heterogeneous, Co-based WOCs.!8 In this study, analogues of
TMPP-Cu" and TMPP-Ni" which were tetrachlorinated at the pB-pyrrole positions
outperformed their Pt'-based predecessors in terms of photostability, molar absorptivity and
redox potential. Moreover, in 2015 Natali et al. demonstrated the photosensitising potential of
a Zn"-based metalloporphyrin [meso-tetrakis(N-methyl-4-pyridyl)porphyrinato]-zn'.}1
Irradiation of this PS in the presence of a Ru-based polyoxometalate WOC and Na>S,0g SEA
resulted in the evolution of modest quantities of Oz. These studies illustrate that

metalloporphyrins may be exploited as earth-abundant PSs for HO splitting reactions.
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1.4 Catalysts for H20O Oxidation

The OER is the current bottleneck to light-driven H2O splitting.!*1?" Whilst many competent
catalysts exist for the HER, effectively catalysing the thermodynamically demanding OER is
more challenging.*?®* This is largely due to the endergonic and complex nature of this
reaction, which is illustrated by the large overpotentials associated with the individual reaction
steps.8”8131 Moreover, an effective WOC must be robust enough to endure highly oxidising
conditions, accumulate four oxidising equivalents and withstand attack by high-energy
intermediates without its activity diminishing.’832133 The development of cheap, stable WOCs
therefore has the potential to instigate a paradigm shift in sustainable energy production.®41%7
Therefore, this report predominantly addresses catalysts for the more challenging OER.

1.4.1 Metal Oxide WOCs

In 1978, Gratzel and Kiwi reported an early example of catalytic Oz evolution from H20.1® In
this study, colloidal suspensions of the precious metal oxides IrO> and PtO displayed
photocatalytic OER activity using Ce'V as an oxidant. The following year, RuO, was
discovered to act as an efficient WOC under similar conditions.*®® The performance of these
catalysts is intrinsically linked to their surface areas: catalysts displaying higher surface areas
exhibit favourable activities.!*? These WOCs represent some of the most active OER catalysts
in the literature, and as such these materials are considered benchmarks.*® However, their
prohibitive price and instability at high anodic potentials renders the industrial implementation

of precious metal oxide WOCs economically infeasible.4!

Several earth-abundant transition metal oxide species have also successfully been used to
catalyse the OER. For example, in 1977 Morita et al. discovered that MnO- could be used as
an electrocatalyst for H20O oxidation, albeit with higher overpotentials than IrO, or RuO2.14?
Many Mn oxide materials (MnOx) have since demonstrated catalytic O2 evolution
capabilities.}*>14* Another attractive group of earth-abundant WOCs are Co oxides (CoOx).
These compounds display decent OER activity, and as such have been studied intensely over
the last several decades.®>*45146 |n 2008, Nocera et al. deposited a Co oxide-phosphate catalyst
(Co — Pi) on the surface of an indium tin oxide (ITO) electrode. This WOC efficiently evolved
02, delivering 1 mA cm2 at an applied overpotential of 410 mV at pH = 7.4” Transition metal
oxide WOCs are appealing due to their relatively low cost, however their moderate activities
limit their practical applicability as OER catalysts. 48

21



Chapter 1 — Introduction

1.4.2 Molecular WOCs

To prepare WOCs which are active and stable enough to make wide-scale solar Hz production
cost-effective, extensive efforts have been devoted to the development of molecular WOCs
which emulate the OEC.">!3 These discrete systems typically constitute redox-active metal
centres and stabilising organic ligands.!! Unlike their bulk metal oxide counterparts, molecular
WOCs benefit from having tunable electronic properties, and their ability to be anchored to the
anodes of sophisticated H,O splitting devices.!***® The first example of a molecular WOC
reported in the literature is a dinuclear ruthenium complex with the formula
[(bpy)2(H20)Ru"'ORu"!(H.0)(bpy)2]** (Fig. 1.10) which was prepared by Meyer et al. in
1982.154152 Dybbed the “blue dimer” due to its characteristic colour in solution, this WOC

operates witha TOF =4.2 x 103 s*and a TON = 13.2.1%

Figure 1.10: Crystal structure of the Ru-based “blue dimer” [(bpy)2(H20)Ru"'ORu"'(H20)(bpy)2]**, the first molecular
WOC. Hydrogen atoms omitted for clarity. Colour scheme: C white, N blue, O red, Ru green. Reproduced from Ref. 154.

Over the decades following the discovery of the blue dimer, a plethora of poly- and
mononuclear WOCs have been prepared, which display TONs and TOFs that have increased
by over five orders of magnitude.r® Particularly pertinent to the pursuit of striking a balance
between high efficiency and low cost are catalysts constructed from earth-abundant and
non-toxic elements.® To this end, many first-row transition metals have been used to fabricate
OER catalysts, including Cr,'%® Mn,157-162 g 163164 Nj 165 Cq 166-169 gnd Cu.17%1" This report

primarily focuses on Mn- and Co-based WOCSs.
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1.4.3 Mn-Based Molecular WOCs

Mn is the 12 most abundant metal in the earth’s crust and can be found in its elemental form
in polymetallic nodules on the ocean floor.1”21"® Bioinspired molecular Mn-oxo clusters are
therefore highly attractive as WOCs due to the high abundance and low cost of Mn.*"
Previously studied synthetic Mn catalysts include a diarylphosphinate-stabilised cubane-like
{Mn4O4} cluster,!™ an acetate-stabilized tetramanganese polyoxometalate with an onset
overpotential of 530 mV under electrochemical conditions and a TOF of 2.84 x 1073 s under
photochemical conditions,'’® a tetranuclear cubane-like Mn-based WOC with a TON of 25,7

and a Mn-based Weakley-type polyoxometalate OER catalyst that operates at neutral pH.1"8

Some of the most interesting and active Mn-based WOCs are derived from the dodecanuclear
Mn-oxo cluster [Mn12012(0Ac)16(H20)4] (Fig 1.11).17° Recently, Maayan et al. demonstrated
that substituting the acetate ligands of this complex with di- or trihydroxybenzoate ligands
increases the stability and solubility of the {Mni} system.!®8l These di- and
trihydroxybenzoate-substituted derivatives displayed TONs of 13.2 and 15.5, respectively, and
onset overpotentials as low as 74 mV for the OER. Whilst these dodecanuclear derivatives still
show signs of decomposition under working conditions, they possess high stability compared
to previously reported Mn-oxo clusters. This approach provides an excellent example of

rational ligand modification to tune the stability and OER performance of a molecular WOC.82

Figure 1.11: Crystal structure of the dodecanuclear Mn-oxo cluster [Mn12012(OAc)16(H20)4]. Colour scheme: C grey,
O red, Mn purple. Adapted from Ref. 183.
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Mn-oxo cluster WOCs often suffer from stability issues under harsh working conditions due to
the inherent lability of Mn complexes.!”® This may lead either to the in-situ formation of
catalytically active heterogeneous Mn oxide species (MnOx) or catalyst decomposition into
inactive species. Hence, correct catalyst assignment is crucial.!8*® Various spectroscopic
techniques such as Raman and UV-vis spectroscopy are frequently employed in the literature
to distinguish true molecular WOCs from precatalytic species.'®-18 High-nuclearity Mn-oxo
clusters with several substrate-accessible sites are especially desirable as molecular OER
catalysts. These characteristics allow H2O to coordinate to a cluster which acts as a reservoir
of oxidising equivalents spread out over multiple metal centres.*®° In analogy to the OEC, many

effective synthetic Mn-based WOCs in the literature constitute cubane motifs.’”:7%1%

1.4.4 Co-Based Molecular WOCs

Many Co-based molecular WOCs also demonstrate impressive Oz evolution activity.1%-1% For
example, in 2017, Galan-Mascaros et al. demonstrated the electrocatalytic OER activity of the
polyoxometalate salt Bag[Cog(H20)s(OH)3(HPO4)2(PW9O34)3]-55H.0 (Fig 1.12).1% When
blended into carbon paste (CP) electrodes, this noble metal-free WOC displays excellent OER
activity, which exceeds that of state-of-the-art catalysts such as IrO2 by delivering a

large current density of 1 mA cm™ at an overpotential of just 189 mV under acidic conditions.

Figure 1.12: Crystal structure of the Co-based polyoxometalate WOC [Cog(H20)s(OH)3(HPO4)2(PWsO3z4)3]*¢~. Colour
Scheme: Co pink, O red, WOs grey octahedra; POs, black tetrahedra. Reproduced from Ref. 196.
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1.4.5 Porphyrin-Based Molecular WOCs

The heterocyclic macrocycles porphyrins are ubiquitous in biological systems, in which they
are used for redox-catalysis, light-harvesting and transport.'"1% The structural and electronic
properties of these tetrapyrrolic molecules have been long exploited for diverse applications,
including photodynamic therapy,®® tumour imaging,?® photovoltaics,?" catalysis,?%? and
artificial photosynthesis.!*>2% Their strong absorbance of visible light and redox-activity has

led to their use in bio-inspired systems for photocatalytic H,O splitting.2%42%

For example, in 1994, Natura et al. developed a series of Mn'""-based porphyrin dimers which
are active towards catalytic H>O oxidation. Under electrochemical conditions, these
metalloporphyrin WOCs evolved O, with a TOF of 1.8 x 1073 s™X. Moreover, in 2013 Sakai
et al. demonstrated the photocatalytic OER activities of three Co'' metalloporphyrin complexes
in the presence of NaxS20s SEA and [Ru(bpy)s](NO3). PS. This study indicated these
Co-containing metalloporphyrins are effective WOCs, with TOFs ranging between
0.118 — 0.170 s71.2% |n a later study by the same group, the stabilities of these single-site Co"
WOCs were improved by introducing Cl atoms at the 2 and 6 positions of the porphyrin’s aryl

groups. These halogenated metalloporphyrins exhibited enhanced TOFs of up to 1.7 s72.2%7

Further, in 2019 Cao et al. demonstrated the electrocatalytic OER activity of the Cu'' complex
of meso-tetra(4-N-methylpyridyl)porphyrin (Fig. 1.13).2% This inexpensive, earth-abundant
WOC exhibited efficient O, evolution behaviour, demonstrating catalytic activity at an applied
overpotential of just 310 mV vs. NHE at pH = 7. These studies show that porphyrin complexes

of first-row transition metals make promising molecular catalysts for H,O oxidation.

Figure 1.13: Thermal ellipsoid plot (50% probability) of the WOC [meso-tetra(4-N-methylpyridyl)porphyrinato]-Cu'.
Hydrogen atoms omitted for clarity. Colour scheme: C grey, N blue, Cu turquoise. Adapted from Ref. 208.
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1.4.6 Mechanistic Considerations for H20O Oxidation Catalysis

Several reaction mechanisms have been suggested for O — O bond formation in H>O
oxidation.%>2% Two primary pathways have been identified using computational modelling
studies (Fig. 1.14). These mechanisms involve either a nucleophilic attack by H>O on a
metal-oxo moiety (WNA pathway) or O — O bond formation via an interaction between two
metal-oxo units (12M pathway). Both of these mechanisms comprise four separate steps, each
of which has an associated AG® value. For both the 12M and WNA mechanisms, the catalytic
cycle begins with two PCETSs, yielding a metal-oxo species (M = O). In the case of the WNA
pathway, this M = O moiety undergoes nucleophilic attack by H>O and a PCET to form a
hydroperoxo species. This intermediate then regenerates the catalyst by releasing O in a final
PCET. For the I2M mechanism, two M = O moieties interact to form a peroxo unit, which

subsequently evolves O; and reforms the catalyst.

OOH H + e
H"+e +0, M
H,0
AG, AG, 2
H" +e~
J 0
I
> M
AG,
AG; O
M

Figure 1.14: Catalytic cycle of the two main pathways to Oz evolution by a WOC. Reproduced from Ref. 210.

Most homogeneous or single-site heterogeneous WOCs mediate the OER according to the
WNA pathway. However, WOCs which exhibit second-order kinetics may evolve O through
the 12M mechanism.?!! In a recent study by Siegbahn et al., the activation barriers of O
formation by the {Mn4CaOs} cluster of the OEC according to either the WNA or I2M pathway
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were compared.®® Density functional theory (DFT) calculations revealed that the energy
requirement was significantly higher for nucleophilic attack by a solvent H.O molecule than it
was for the coupling of an oxyl radical and a bridging oxo moiety (29.8 kcal mol™* for WNA
compared to 6.2 kcal mol™ for 12M, using the same model). This investigation suggests that

O formation in PS 11 proceeds according to the 12M mechanism.?2

1.4.7 Chromophore — Catalyst Dyad Complexes

Several processes within light-driven H>O oxidation can constitute the bottleneck of O>
evolution. Limburg et al. recently demonstrated that for highly active WOCs, the rate-limiting
step is the oxidation of the WOC by PS*.1?* Further, this investigation revealed that a slow rate
of electron transfer from a WOC to PS* results in an accumulation of PS*, which undergoes
rapid decomposition, thus reducing the photocatalytic system’s overall stability. Therefore,
improving the electronic communication between these moieties may significantly enhance the
efficiency of the OER.

One promising strategy to alleviate this bottleneck is to directly tether a PS to a WOC through
coordinative or covalent bonds.! The effectiveness of this approach has been demonstrated by
several studies which show that supramolecular assemblies comprising antennae PSs that are
chemically linked to WOCs exhibit greater activity than their intermolecular equivalents.?:*
216 For example, Thummel et al. reported a diruthenium PS — WOC dyad photocatalyst which
exhibited a TON = 134 over six hours.?!” This activity is twenty times greater than the activity
of an analogous multicomponent system under identical conditions. Once optimised, such
PS — WOC dyads can be integrated into dye-sensitized photoelectrochemical cells (DSPECS)
to convert solar energy and H2O into Hz and 0,.218:219

Metal-organic frameworks (MOFs) are highly customisable, hybrid organic-inorganic
materials which offer a platform for the incorporation of a PS and a WOC within a highly
ordered supramolecular assembly.??° In the next section, this important and versatile class of
compounds is introduced, and the relevance of these materials for designing highly active

heterogeneous H>0 splitting catalysts is outlined.
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1.5 Metal-Organic Frameworks
1.5.1 Definitions and Overview

In recent years, MOFs have attracted significant scientific attention.??-?2 Members of this
exciting class of modular, metallo-supramolecular polymeric materials can be conceptualised
as repeating combinations of inorganic secondary building units (SBUs or ‘nodes’) bridged by
multitopic  organic ligands (or ‘linkers’).??* This generates infinitely extended
multidimensional network structures which demonstrate long-range order and high
crystallinity (Fig. 1.15).2% The unprecedented tunability and surface areas of MOFs make them

versatile tools for advancing divergent emergent technologies to tackle several substantial

scientific challenges.?26-228
Metal-organic framework
= 5 ~ >
& r"‘ ! £ o
Metal ions or clusters Organic linkers 1
(i — — )

wiwlmy

Zn,0(CO0), Cu(CO0),  Cr,0(H,0),(CO0), Mg, (OH),(COO)  ZrO,OH),(H,0),(COO0),

Figure 1.15: Model depicting the assembly of inorganic and organic components to give an infinitely extended MOF
(top). Some representative SBU clusters featuring Zn'"', Cu", Mg" Cr""" and Zr'Y metal ions are shown (middle), in addition
to a selection of ligands typically employed in MOF synthesis (bottom), which commonly contain carboxylate,
imidazolate, azolate, phosphonate or porphyrin functional groups. Colour scheme: C grey, O red, N blue, Zn" light blue,
Cu'' orange, Cr'" purple Mg'" green Zr'V teal. Reproduced from Ref. 229.
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1.5.2 Historical Perspective

Coordination polymers such as Prussian Blue dyes and other porous materials such as naturally
occurring zeolite minerals have been studied since the early 18" century.?®® However, their
structures were not successfully elucidated until the 1970s with the debut of suitable X-ray and
spectroscopic techniques.?:232 At this time, the developing field of crystal engineering sought
to discover: ‘Can the structures of crystalline solids be predicted from a knowledge of their
chemical compositions?’.?® Despite the apparent simplicity of this question, definitively

answering it has proved elusive.2*42%

In 1989, Robson and Hoskins reported the first deliberately designed framework structure.?’
Robson intended to generate an infinitely extended 3D network constructed from components
displaying analogous connectivity to the carbon atoms of diamond. To achieve this, the
tetranitrile ligand C(CsH4CN)4 was selected to complex with the metal ion Cu', which typically
adopts tetrahedral coordination environments. Adding the ligand C(CeHsCN)s to
Cu(MeCN)sBF4 (MeCN = acetonitrile) in MeCN, before allowing the solvent to slowly
evaporate afforded crystals which were subsequently characterised by Hoskins using single
crystal X-ray diffraction. This analysis revealed that, as intended, an infinitely extended
framework structure [Cu'(C(CsHsCN)4)]|BFs had formed which displayed the desired

diamondoid topology depicted in Fig. 1.16a.2%

(b)

Figure 1.16: Two infinitely extended network structures prepared by Robson et al. (a) diamondoid [Cu'(C(CsHsCN)4)]BF4
structure and (b) porphyrin-based [Cu'(TCP-Cu')]BFs framework featuring pts topology (TCP-Cu' = meso-tetrakis(4-
cyanophenyl)-21H,23H-porphyrinato]-Cu''). H atoms, counterions and solvents omitted for clarity. Colour scheme:
C black, N blue, Cu purple. Adapted from Ref. 238.
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The following year, Robson et al. prepared a range of rationally constructed 3D network
structures comprising metallic building units connected via organic linkers.?**42 Included
among the growing number of reported coordination polymers was a porous 3D framework
featuring  [5,10,15,20-tetrakis(4-cyanophenyl)-21H,23H-porphyrinato]-Cu''  linkers and
mononuclear Cu' nodes (Fig. 1.16b). This MOF was envisioned as having possible applications
for heterogeneous catalysis due to the potential redox functionality of its porphyrin linkers.?*®
Ahead of these pivotal discoveries, Robson predicted that a wide range of frameworks could
be created simply by varying the nature of organic ligands and metallic nodes employed.#424°

In 1995, the term “metal-organic framework™ was coined by Yaghi et al. in a paper describing
a porous 3D interpenetrated network comprising Cu' nodes and bpy ligands formulated as
Cu(bpy)15:NO3(H20)1.25.2% In 2003, O’Keeffe and co-workers articulated the principle that
MOF architectures could be controlled through judicious selection of linkers and nodes in an
approach known as “reticular synthesis”.?*’ This principle is elegantly exemplified by the
isoreticular series of MOF-5 analogues (Fig. 1.17).2¢ MOF-5 ([zn":O(BDC)3], BDC = 1,4-
benzenedicarboxylate) is a 3D porous MOF with primitive cubic (pcu) topology, which
features octahedral {Zn'"4O} SBUs bridged by ditopic BDC linkers.?*

Following the discovery of MOF-5 in 1999 many isostructural analogues of this framework
have been prepared using different ditopic linkers, demonstrating that the number of possible
MOF structures is essentially infinite.?%2>! The ability to design MOFs with predetermined
structures and cavities, combined with the demonstration of their permanent porosity by
Kitagawa et al. triggered a rapid expansion of the field.?®? Since the pioneering work of
Robson,?® O’Keeffe,??? Fujita,?> Zaworotko,®* Kitagawa®® and Yaghi,*® over 60,000

different MOFs have been reported in the Cambridge Structural Database (CSD).’

Figure 1.17: Crystal structures of the isoreticular series (a) MOF-5, (b) IRMOF-6 and (c) IRMOF-8 (IRMOF =
isoreticular metal-organic framework). Hydrogen atoms have been omitted for clarity. Colour scheme: C black, O red,

Zn'' centres are displayed as blue polyhedra. The void space is represented by yellow spheres. Reproduced from Ref. 248.
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1.5.3 Synthesis of Metal-Organic Frameworks

MOFs are typically synthesised in the liquid-phase by combining a metal salt with an organic
ligand in a suitable solvent system. This mixture is then kept at a certain temperature either
below the boiling point of the solvent (classical method),? or above the boiling point of the
solvent in a sealed vessel (solvothermal method).?*® Under suitable conditions, this will lead to
the formation of crystalline MOF compound via a self-assembly process.?®%%! As the
substitution of terminal ancillary ligands by polytopic ligands results in the formation of higher
dimensional frameworks, heating favours MOF self-assembly for entropic reasons.?? Other
structure-directing factors which affect MOF synthesis are pH values, the nature of the solvent
and the presence of counter ions or other templating auxiliary molecules in the reaction
mixture.?%8.263264 Although conventional, elevated-temperature liquid phase MOF synthesis is
currently the most widely employed method,?®® several other techniques exist such as

electrochemical,?®® microwave assisted,?®” mechanochemical?®® and sonochemical synthesis.?®

A MOF’s SBUs provide directional information and can comprise one or more metal ions to
form clusters with a range of geometric configurations, such as square paddle-wheels,
octahedra, infinite rods and others.?’%2"2 Several cationic species can constitute a MOF’s
nodes, for example alkaline earth metals, transition metals and lanthanides.?*®2"3 Organic
linkers extend the framework by connecting inorganic nodes through coordinative bonds, thus
generating infinitely repeating arrays.?’* Ligands typically employed in MOF synthesis are
polytopic, multifunctional moieties bearing binding groups such as carboxylates,
phosphonates, pyridyls or imidazolates.?” Rigid aromatic ligands are often favourable to

flexible linkers, as the former can confer crystallinity, porosity and stability to the MOF.221:276

One synthetic strategy which is commonly applied to access permanently porous 3D MOFs is
to pillar 2D layered frameworks using ditopic linkers such as bipyridine derivatives.?’"-2"
Choe et al. demonstrated this approach with the synthesis of three porphyrin paddle-wheel
(PPF) MOFs; PPF-3, PPF-4 and PPF-5.2° A reaction between either tetrakis(4-
carboxyphenyl)porphyrin or [tetrakis(4-carboxyphenyl)porphyrinato]-Pd" and zn" or Co"
nitrate under solvothermal conditions generates a 2D network with a ‘checkerboard’ pattern
comprising {M2(CO0).} paddlewheel SBUs (where M = Co' or Zn") that are bridged by
tetratopic porphyrin linkers. This layered structure can then be pillared using 4,4'-bipyridine

11

(bpy) linkers, affording the formation of three 3D MOFs. Interestingly, the presence of Co'",

Zn" or Pd" in the macrocyclic cavity determines the network’s topology (Fig. 1.18).
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Figure 1.18: Scheme showing the reaction between (a) porphyrin ligands and metal nitrates giving (b) infinite 2D sheets.

These ‘checkerboard’ layers are then pillared using bpy to generate (c) PPF-3, (d) PPF-4 and (e) PPF-5. The stacking

arrangements of these 3D MOFs is dictated by the preferred coordination geometry of the metalloporphyrin’s cation.
Colour scheme: C grey, O red, N blue M (Co, Zn or Pd) purple. Adapted from Ref. 280.

In addition to their facile synthesis and (in many cases) favourable thermal and chemical

stabilities,?®! one of the key desirable features of MOF structures is their ability to be rationally

designed.??> Through careful preselection of appropriate building blocks, predetermined

network architectures with tunable compositions and desirable properties can be prepared.?’’

The extent to which the final structure of a MOF can be predicted is still the subject of debate.?®

However, the degree of synthetic control offered by MOFs is unparalleled in other important

porous materials such as zeolites.?®? Through application of the principle of reticular synthesis,

an enormous range of MOFs with diverse topologies and chemical constituents can be prepared

that display diverse properties and potential applications.

247
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1.5.4 Properties

MOFs are highly tunable, crystalline, and porous materials which therefore often display
unprecedented properties.?®®> These materials can exhibit extremely low densities and
exceptional surface areas, which are unmatched by any other material. For example, the MOFs
NU-110 (NU = Northwestern University) and DUT-60 (DUT = Dresden University of
Technology) exhibit surface areas of just under 8000 m? g~*.284+286 The surface areas of these
materials vastly exceed that of any other porous materials such as zeolites or activated charcoal,

which typically exhibit surface areas of under 1000 m? g *,287-289

The stability of a MOF is dictated by its topology and the nature of the ligands and SBUs from
which it is constructed.?*® Several early MOFs comprising Cu''- or Zn'"-based SBUs (including
MOF-5) displayed promising characteristics, although were restricted from many applications
due to their poor hydrolytic stabilities.?® However, selecting linkers which form strong
coordinative bonds to highly connected nodes can afford frameworks which are highly durable
under a range of conditions.?®* For example, in 2005 Férey et al. reported a highly porous and
hydrolytically stable MOF, MIL-101 (MIL = Matérial Institut Lavoisier) with the formula
[CrsF(H20).0(BDC)s].2%2 Submerging this material in H2O at ambient temperatures for many
months does not cause the framework to decompose.?%2% In addition, the framework UiO-66
(UiO = University of Oslo) which is formulated as [ZrsOs(OH)4(BDC)] can tolerate being

boiled in H,0 for several hours without the BDC ligands being displaced by the solvent.?20.2%

1.5.5 Applications

The unique properties of MOFs give them a wide range of potential applications in areas such
as CO; storage, H storage, molecular separation, drug delivery and spintronics.?%-2*° MOFs
are also particularly promising for catalytic applications, as they represent a rational synthetic
avenue to afford highly ordered structures with well-defined catalytically active sites.3%®
Following the discovery of the first catalytically active MOF of the formula [Cd(bpy)2](NO3):2
by Fujita et al. in 1994,%% this area has expanded significantly and many more catalytically

active frameworks have since been reported in the literature 302303304

The exceptional surface areas and porosities of MOFs allow them to mediate heterogeneous
catalytic processes at very high reaction rates, as MOF structures can be prepared that are

densely populated with substrate-accessible active sites.3%3%5306 Moreover, many MOFs
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contain SBUs with coordination sites that are bound by labile solvent moieties, known as open
metal sites (OMSs).2%" These sites facilitate catalytic reactions because ligand exchange at an
OMS allows a substrate to interact with an SBU without compromising the MOF’s structural
integrity. Therefore, an OMS acts as a Lewis acid catalyst. Hence, OMSs can facilitate catalytic

transformations of a substrate within a MOF.

Alternatively, catalytic OMSs can be incorporated within a MOF’s linkers, as is the case for
frameworks constructed from metalloporphyrin ligands.??3%® A MOF displaying OMSs can
have an activity comparable to a homogeneous catalyst, whilst retaining the practical
advantages of a heterogeneous catalyst. These advantages include facile separation of catalyst
from the reaction mixture and improved activity and stability owing to spatial separation of the
MOF’s active sites.3%230%310 A5 the morphology of a MOF’s pores can be predetermined, MOF
catalysts offer an additional advantage as they can be designed to selectively catalyse only

substrates of the right size and shape to enter their pores.3!!

1.5.6 Metal-Metalloporphyrin Frameworks

Metal-metalloporphyrin frameworks (MMPFs) are a special class of MOF in which porphyrin
moieties are incorporated into a framework as functional constituents.??*?":312 MMPFs can be
prepared by introducing coordinating functional groups at a porphyrin’s meso-positions, giving
polytopic porphyrin ligands capable of bridging metallic nodes.3'33!* The synthetic principals
developed for MOFs such as reticular synthesis translate to MMPF synthesis: Rigid building
blocks are combined giving rationally designed, supramolecular architectures with desirable

properties.?*” The metal ion of a metalloporphyrin may also act as a mononuclear SBU.%°

The first MMPF was reported in 1991 by Robson et al. Reacting [meso-tetra(4-
pyridyl)porphinato]-Pd" (MTPP-Pd'") and Cd(NOs)2-4H-0 in a mixture of boiling MeOH and
H.0 generated a 3D framework with the formula [Cd'"2(MTPP-Pd")(NO3)4(H20)4]-5H20. This
MMPF comprises mononuclear Cd" nodes bridged by palladium tetrapyridyl porphyrin
linkers.?** Since the synthesis of this prototypal framework, many fascinating MMPFs have
been created for diverse applications such as molecular separation,* light-harvesting,®*® and

heterogeneous catalysis. 1320

MMPFs offer many advantages when exploited as catalytic systems.31832! This is a result of

the favourable characteristics of MOFs for catalysis, combined with the easily manipulatable
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light-harvesting and redox properties of metalloporphyrins.??? Catalytic transformations
mediated by MMPF’s can occur either at an OMS within a node or at a metalloporphyrin
moiety.®?2 Moreover, as the macrocyclic cavity of a porphyrin ligand can be pre-synthetically
metallated with an array of metal ions, additional functionality can be conferred to the MMPF.

Therefore, MMPFs are highly tunable materials which can display high OMS densities.

The literature contains many examples of MMPFs which have been successfully employed as
heterogeneous, biomimetic catalysts for a broad range of oxidation reactions.??* Pioneering
studies by O’Keeffe et al.,*?® Eddaoudi et al.,*?* Hupp et al.,*?® Zhou et al.3?® and Wu et al.3?’
demonstrate the promising potential of this class of compounds as oxidation catalysts. A
selection of notable MMPFs which display redox-catalytic activity are discussed below.

In 2012, Chen et al. demonstrated the heterogeneous biomimetic oxidation catalytic activity of
the 3D MMPF MMPF-6 (Fig. 1.19a).>*® MMPF-6 is constructed from tetracarboxylate
TCPP-Fe'"'Cl (TCPP = [meso-tetrakis(4-carboxyphenyl)porphyrinato]) linkers which bridge
hexanuclear {ZrsOg(CO2)s(H20)s} SBUs and is formulated as [(ZrsOs(H20)s(TCPP-
Fe'''Cl)2)]-6H20. This framework features large 1D hexagonal and triangular channels with
diameters of ca. 36 and 12 A, respectively. MMPF-6 exhibits excellent catalytic activity

towards the peroxidation of 1,2,3-trihydroxybenzene, and can be recycled multiple times.

Figure 1.19: Crystal structures of two MMPFs which demonstrate oxidation catalytic activity (a) MMPF-6, formulated
as [(ZrsOs(H20)s(TCPP-Fe'"'Cl)2)]-6H20 and (b) PIZA-3, which is of the formula [Mn1s(TCPP-Mn'"")(DMF)]-5DMF.
Constitutional and coordinated solvent molecules have been omitted for clarity. Colour scheme: C, grey, O, red, N blue,

Cl, green; Zr, turquoise polyhedra, Mn pink. Reproduced from Refs. 329 and 328.
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Suslick et al. prepared a catalytically active MMPF PIZA-3 (PIZA = porphyrinic Illinois zeolite
analogue) of the formula [Mnis(TCPP-Mn'")(DMF)]-5DMF (DMF = N,N-
dimethylformamide).3?® This compound comprises trinuclear Mn'-based SBUs bridged by
tetratopic TCPP-Mn'!" ligands, which gives rise to an open framework structure with small (<
10 A) channels (Fig. 1.19b). PIZA-3 is a robust heterogeneous catalyst for the oxidation of a
range of linear and cyclic alkanes, and the epoxidation of cyclic alkenes. The activity of this
MMPF is moderate, with catalytic yields comparable to that of homogeneous Mn'" porphyrins.
This was rationalised to be due to the framework’s relatively small pore diameter, which
restricts substrates from entering the channels of this MMPF. Therefore, the substrate is instead
oxidised at the surface of PIZA-3. This study illustrates the importance of large channels and

substrate-accessibility of the active sites for a catalytically active framework.32®

In 2011, Hupp et al. demonstrated the catalytic potential of the MMPF ZnMn-RPM
(RPM = Robust Porphyrinic Material).3* This framework comprises Zn paddlewheels bridged
by tetracarboxylate TCPP linkers giving rise to 2D sheets. These sheets are pillared by ditopic
DPFP-Mn'" (DPFP-Mn""" = [5,15-dipyridyl-10,20-bis(pentafluorophenyl)porphyrinato]-Mn'")
ligands generating a 3D porous structure of the formula [Zn",(TCPP)(DPFP-Mn'")]. Catalytic
studies revealed that ZnMn-RPM is an effective catalyst for the epoxidation of styrene and the
oxidation of cyclohexane in the presence of the oxidant 2-(tert-butylsulfonyl)iodosylbenzene
(Fig. 1.20). This MMPF achieved TONs which were more than double that of the homogeneous
porphyrin  [5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-Mn"'Cl.  However, an
induction period of ca. 250 minutes was observed before the activity reached its max. rate,

which was attributed to the time taken for the reactants penetrate the channels of ZnMn-RPM.

\

A

Figure 1.20: Catalytic transformations mediated by ZnMn-RPM in the presence of 2-(tert-butylsulfonyl)iodosylbenzene
oxidant ([O]). ZnMn-RPM is catalytically active towards the epoxidation of styrene (left) and the oxidation of
cyclohexane to form cyclohexanol and cyclohexanone with a selectivity of 83% and 17%, respectively (right). Colour
scheme: Zn yellow polyhedra, Mn purple, F green, C grey, N blue O red, H white. Adapted from Ref. 330.
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1.5.7 MOFs for H20 Splitting Catalysis

In recent years, the structural versatility, porosity and hydrolytic stability of many MOFs has
led to their use as catalysts for HO splitting.??° Their high surface areas facilitate fast catalytic
kinetics, whilst their tunable light absorption and redox properties make MOFs a promising
platform for designing OER or HER photocatalysts.®3133* Moreover, the modularity of MOFs
provides an avenue to integrate the components required for light-induced H-O splitting into a

combined heterogeneous supramolecular system.

A framework comprising redox-active SBUs acting as WOCs or HECs stabilised by
photoactive linkers acting as PSs may display intrinsic catalytic activity.>** Combining a PS
with a WOC or a HEC in a MOF ensures the close spatial proximity of these species, thus
promoting charge transfer and therefore catalytic activity.>*® The tunability of MOFs is also
advantageous, as Aziz et al. recently demonstrated using computational simulations that the
bandgap of an MMPF can be aligned to facilitate the photocatalytic OER or HER by changing

the identity of the metal ion present in the metalloporphyrin linkers.33®

A number of recent investigations demonstrate the potential of MOFs as H2O splitting
catalysts.33733:33% For example, Chi et al. reported the photocatalytic H,O oxidation activity of
MIL-101(Fe).34° Upon irradiation of this WOC the presence of [Ru(bpy)s](CIO4)2 PS and
Na,S,0s SEA This MOF achieved a max. TON = 27.3 and a TOF = 0.1 s Under
electrochemical conditions, the max. current density achieved using MIL-101(Fe) was
4.2 mA cm2,

Several Co-containing MOFs have successfully been used as earth-abundant catalysts for the
OER which display excellent activity.3#1:342343 For example, in 2017 Jiang et al. demonstrated
the excellent OER activity of a cobalt-citrate MOF constructed from a {C0404} cubane SBUs
under electrochemical conditions.®* At an applied overpotential of 408 mV, this MOF
delivered a current density of 10 mA cm™2. The OER activity of this MOF is greater than that
observed using the benchmark transition metal-based WOC, C030a.

In September 2019, Huang et al. demonstrated the exceptionally high activity of a Co''-based
MOF towards catalytic H.O oxidation.®*> A reaction between Co(OAc), and
1,4-benzenedi(1H-1,2,3-triazole) (H.bdt) under solvothermal conditions generated a
framework comprising {Co''sOHs} SBUs connected by triazolate ligands with the formula
[Cos(OH)s(bdt)a(Hbdt)2] (Fig. 1.21). The high durability and surface area, and the presence of
open metal sites prompted an investigation into the OER properties of this framework.34¢
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Irradiating [Cos(OH)s(bdt)s(Hbdt).] in the presence of [Ru(bpy)3]SO4 PS and Na>S,0s SEA at
pH = 9 rapidly resulted in O production. In this photochemical test, the MOF exhibited an
apparent TOF = 3.05 st and a TON = 1.2 x 10°. The TON of this MOF exceeds that of any
previously reported WOC by two orders of magnitude. Moreover, in electrochemical
experiments the framework induced a current density of 2.0 mA cm™ at a very low
overpotential of 353 mV. These studies highlight the powerful potential of MOF structures to

mediate H,O oxidation catalysis.

Figure 1.21: Crystal structure of the OER active MOF [Cos(OH)s(bdt)s(Hbdt)2] showing (a) the 12-connected octacobalt
cluster, (b) a topological reduction of the framework in which {Co''sOHs} SBUs are presented as violet polyhedra and
triazolate linkers are simplified as blue sticks and (c) the 3D structure of the coordination framework in which Co"

centres displayed as violet polyhedra. Hydrogen atoms have been omitted for clarity. Adapted from Ref. 345.

38



Chapter 1 — Introduction

1.6 Aims and Objectives

The overarching aim of this research project was to synthesise ditopic porphyrin ligands to use

in the preparation of novel MMPFs, coordination polymers and complexes with potential

catalytic applications. A further aim was to identify Co- and Mn-based metallo-supramolecular

structures which may display catalytic H,O oxidation activity. The ultimate aim of this

investigation was to discover novel H>O splitting catalysts based on bioinspired coordination

compounds constructed from earth-abundant elements.

A delineation of the specific aims () and associated objectives (>) of this work follows:

¢+ To prepare novel MMPFs, coordination polymers, complexes and clusters.

*

The synthesis of the freebase and Cu'-, Ni'"- and Pt"-metallated complexes of the
dicarboxylate porphyrin 5,15-bis(4-carboxyphenyl)-10,20-diphenylporphyrin (HsL1).
The use of these porphyrin ligands to synthesise MMPFs, coordination polymers and
complexes that contain Co' or Mn'' centres, and OMSs.

Employing the ligands 2,6-bis(hydroxymethyl)-p-cresol (HzL2) and N,N',N"-tris-(1-
methyl)-1H-imidazol-4-ylmethylene)-1,3,5-triphenyl benzene (L3) in the synthesis of
metallo-supramolecular clusters and complexes.

To characterise novel compounds using single crystal X-ray diffraction and other

physicochemical characterisation methods.

To identify compounds with potential catalytic H20 splitting properties.

Examining the structures of novel MMPFs and porphyrin-based coordination polymers
for motifs likely to confer catalytic H2O splitting activity. Structures featuring
potentially redox-active Co'- or Mn'"-based SBUs, large channels, substrate-accessible
OMSs were selected to test for catalytic OER or HER activity.

Selection of polynuclear coordination complexes from the literature whose structural
characteristics relate to those of PS 11 to use as biomimetic OEC model systems for H>0O
oxidation, paying particular attention to high-nuclearity Mn-oxo clusters stabilised by

non-innocent ligands which feature cubane-motifs and labile solvent sites.
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% Following on from this, the final aim of this project was to determine the catalytic H.O
splitting properties of compounds identified as promising for this purpose, with a particular

focus on OER catalysis. The following objectives were set out to achieve this:

> To develop an experimental methodology to quantitively characterise photocatalytic
H>O splitting activity in terms of TONs and TOFs.

» Totest the light-driven H20O splitting catalytic activities of Co- and Mn-based materials.

» To further assess the catalytic properties of any compounds displaying light-driven
OER activity under electrochemical conditions.

» To conduct post-catalytic tests using spectroscopic techniques to rationally assign the

true Oz evolving catalyst in OER experiments.

The porphyrin, p-cresol and imine ligands used in the preparation of materials tested for

catalytic H2O splitting activity are presented in Fig. 1.22.

HO
HO

HO
2,6-bis(hydroxymethyl)-p-cresol

HO
O o~ (3

Hs
N

o = U U

5,15-bis(4-carboxyphenyl)-10,20-diphenylporphyrin O

(H,L1)

0]

A JJ T,
¢ f " NP
N N=/
¥
N,N' ,N"-tris-( 1 -methyl)-1 H-imidazol-4-ylmethylene)-1,3,5-triphenyl benzene
(L3)
Figure 1.22: Structures of the ligands HsL.1, HsL.2 and L3 employed in the synthesis of coordination complexes, polymers
and frameworks. Several transition metal complexes of the porphyrin HsL1 were also prepared, affording the

metalloporphyrin ligands H2L.1-Cu'"', H2L1-Ni" and H2L 1-Pt"", which were used in the synthesis of novel compounds.
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Chapter 2 describes the synthesis of the porphyrin linkers HaL1, HoL1-Cu", H,L1-Ni" and
H,L1-Pt". The ligand H,L1-Cu'" was then employed to synthesise two novel Co'-based
MMPFs (1 and 2) which are characterised using single crystal X-ray diffraction and other
physicochemical characterisation techniques. Following this, the experimental setup and
protocol developed to measure light-driven H20 oxidation catalysis is briefly outlined. Using
this setup, the light-induced O evolution properties of 1 are established, and subsequent
characterisation experiments rule out the possibility of catalytically active CoOx species being
the source of the observed O evolution.

Chapter 3 details a series of catalytic OER screening experiments which identified nine
Mn-based, catalytically active compounds (3 — 11). The most active of these materials (11) was
resynthesized and characterised to facilitate further catalytic testing, which resulted in the
discovery of a novel polymorph of this bioinspired Mn-oxo cluster. The chapter concludes with
an investigation of the catalytic properties of 11, which revealed that this compound yields

exceptionally high catalytic OER activity.

Chapter 4 discusses the synthesis of a trinuclear, imine-stabilised Co'-based complex (12)
which exhibits high catalytic OER activity. The H>O oxidation behaviour of this material was
probed in photochemical and electrochemical experiments. Ultimately, computational

modelling was applied to elucidate the mechanism of O evolution by 12.

Chapter 5 deals with several Mn"- (13 — 16), zn"- (17) and In''-based (18) MMPFs,
coordination polymers and complexes which were prepared using the porphyrin ligands HsL 1,
H,L1-Cu' and H,L1-Ni". Examination of the crystal structures of 13 — 16 revealed that these
compounds contained Mn'' centres and OMSs. Hence, the light-driven catalytic OER or HER

activities of these materials were assessed.
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Chapter 2 — Co" Frameworks for H.0O Oxidation

2.1 Introduction

The unique properties and structural versatility offered by MOFs has led to their use as photo-
and electrocatalysts for both the OER and the HER.1? Several attributes of MOFs engender
these materials as excellent candidates for H.O splitting catalysis. For example, their high
surface area and crystallinity allows substrate-accessible catalytic sites to be atomically
dispersed throughout a material.® This permits the simultaneous exposure of a large number of
active sites to a substrate, thus facilitating favourable catalytic kinetics. Further, the physical
separation of a MOF’s catalytic sites prevents the occurrence of counterproductive charge

recombination processes.*

In addition, the modularity of MOFs allows individual functional components to be combined
forming efficient hybrid organic-inorganic catalysts.®> For example, numerous Co-0xo clusters
have demonstrated impressive OER activity.®”® The incorporation of such WOCs, or other
redox-active Co-oxo clusters as SBUs within MOFs may generate heterogeneous catalysts with

comparatively superior activity to the isolated cluster from which they are constructed.

In recent years, this strategy has been exploited with the synthesis of several Co-based MOFs
that display OER activity.® For example, Ma et al. reported a 3D MOF [Cois.
(tib)(dcpna)]-6H.O  (tib = 1,3,5-tris(1-imidazolyl)-benzene, dcpna = 5-(3°,5’-
dicarboxylphenyl)nicotinic acid) featuring Co" centres and 1D solvent-accessible channels.*®
Under electrochemical conditions, [Co1s(tib)(dcpna)]-6H20 exhibits catalytic activity towards
the OER operating with a current density of 10 mA cm™2 at a low overpotential of 360 mV. In
addition, Wang et al. showed that the Co-based MOF Co-ZIF-67 ([Co(2-Melm)2],
2-Melm = 2-methylimidazolate) functions as an effective catalyst for the light-driven OER in
the presence of [Ru(bpy)s](CIO4)2 PS and Na»S,0s SEA with a TOF = 0.035 s 1.1 However,
in an investigation by D’Alessandro et al., mixed-valent CosO4 was implicated as the true
WOC in O evolution experiments using Co-ZIF-67.* This underscores the importance of
thorough post-catalytic characterisation to rule out the formation and participation of other

OER active species.

Metal-metalloporphyrin frameworks (MMPFs) represent a resurging family of MOFs
comprising porphyrin-based bridging ligands.®® The diverse functionality and stability offered
by porphyrins and metalloporphyrins make them attractive building blocks for the construction
of catalytically active frameworks.'* Recently, Cao et al. demonstrated the electrocatalytic O

evolution activity of a Cu'' complex of tetrakis(4-N-methylpyridyl)porphyrin.*® This noble
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metal-free metalloporphyrin functions as an effective homogeneous OER catalyst, operating
with an onset overpotential of just 310 mV and a high faradaic efficiency (>93%) in neutral,
phosphate-buffered aqueous media. Another example of an OER active MMPF is PCN-224
([Zrs(TCPP-Ni')15], TCPP-Ni'" = [meso-tetrakis(4-carboxyphenyl)porphyrinato]-Ni').1® This
framework was used for the electrochemical oxidation of H,O. An investigation by Morris
etal. found that PCN-224 is a competent OER catalyst which operates at a moderate
overpotential of 450 mV under aqueous conditions.

In this chapter, the syntheses of a series of metalloporphyrin analogues of the ditopic linear
linker 5,15-di(4-carboxyphenyl)-10,20-diphenylporphyrin (HsL1, Fig. 2.1) are described.
Additionally, the syntheses, crystal structures and physicochemical characterisation of two
novel MMPFs (1 and 2) which incorporate Co'-based nodes and the Cu'' metalloporphyrin
linker (L1-Cu™)? are discussed. Out of these two MMPFs, 1 was rationalised as a more
promising candidate to conduct an H2O oxidation catalysis study on. Following on from this,
the experimental setup and methodology developed to carry out H>O splitting catalytic
investigations is described. In the final section of this chapter, the light-driven OER catalytic
properties and post-catalytic physicochemical characterisation experiments using 1 are
detailed.

Fig 2.1: Structure of the freebase porphyrin (H4L1) employed in the synthesis of compounds 1 and 2.
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2.2 Synthesis of the Linker 5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrin (H4L1)
and Related Metalloporphyrin Ligands

In this work, the porphyrin 5,15-bis(4-carboxyphenyl)-10,20-diphenylporphyrin (HaL1,
Fig 2.1) and its metalloporphyrin analogues have been used as ligands in the synthesis of a
range of MMPFs, coordination polymers and complexes based on Co' (1 and 2), Mn'' (5 -9),
Zn" (10) and In'" (11) ions. H4L1 comprises a tetrapyrrolic core which is substituted at each of
its four meso positions; the 5 and 15 positions are substituted by non-functionalised phenyl
groups, and the 10 and 20 positions are substituted by para-carboxylic acid-functionalised
phenyl rings. This substitution pattern makes HsL1 a ditopic linear linker with two carboxylic
acid groups situated at an angle of 180° with respect to each other.

Selection of the ligand HsL 1 for the synthesis of MMPFs was rationalised as a means to access
the rich chemical diversity previously attained using more rudimentary linear carboxylate
linkers,"18 whilst exploiting the unique electronic and photophysical properties of porphyrins.
Furthermore, as an array of metal ions can be hosted by the central cavity of HsL1, additional
tuning of the MMPFs is possible.’® Despite these favourable characteristics, the MMPF
chemistry of HsL1 remains relatively underexplored at the time of writing, with only two
MMPF structures reported in the Cambridge Structural Database containing this linker, and no
structures reported containing either Co- or Mn-based SBUs connected by HsL 1 ligands.?%?
This is in stark contrast to the large library of MMPFs reported featuring the tetrasubstituted
carboxylic acid porphyrin linker, tetrakis(4-carboxyphenyl)porphyrin. This is most likely due
to the relative ease of synthesis and purification of more highly symmetric porphyrins.

HsL1 and the related metalloporphyrin complexes HoL1-Cu", HoL1-Ni'" and H,L1-Pt" were
accessed via either a three-step (HsL1) or a four-step (H2L1-Cu", HoL1-Ni" and H,L1-Pt")
synthesis beginning with the synthesis of the carbomethoxyphenyl-functionalised reactant 5-

(4-carbomethoxyphenyl)dipyrromethane, which is outlined below.
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2.2.1 Synthesis of 5-(4-Carbomethoxyphenyl)dipyrromethane

5-(4-Carbomethoxyphenyl)dipyrromethane was synthesized according to a modified
procedure outlined by Lindsey et al.?? (Scheme 2.1). Indium chloride was added to a solution
of methyl 4-formylbenzoate in freshly distilled pyrrole under an inert atmosphere. This mixture
was then shielded from light and stirred for three hours before adding an aqueous solution of
NaOH to quench the reaction. After an additional hour of stirring, the reaction mixture was
concentrated under reduced pressure and the excess pyrrole was recovered and put aside for
later use. Purification of the crude product using silica gel column chromatography afforded 5-
(4-carbomethoxyphenyl)dipyrromethane as an off-white powder in reasonable yield (50%).
The product was characterised using NMR and FT-IR spectroscopy and mass spectrometry.

| 0] 0]
(@] (0]
2) NaOH
+ (g 2heoH_
Darkness H H
(excess) N N
o \ | |

Scheme 2.1: Synthesis of 5-(4-carbomethoxyphenyl)dipyrromethene from methyl 4-formylbenzoate and pyrrole.

2.2.2 Synthesis of 5,15-Bis(4-carbomethoxyphenyl)-10,20-diphenylporphyrin (Me2H2L1)

5,15-Bis(4-carbomethoxyphenyl-10,20-diphenylporphyrin  (Me2H2L1) was prepared in a
MacDonald-type macrocyclization reaction according to an adapted literature procedure.?® A
dilute solution of 5-(4-carbomethoxyphenyl)dipyrromethene and benzaldehyde in DCM was
acidified by adding TFA under an inert atmosphere while shielding from light (Scheme 2.2).
This condensation reaction was stirred for three hours before the resulting porphyrinogen
species was oxidised with the addition of p-chloranil. After stirring overnight, the reaction was
quenched with TEA, before evaporating the solvent under reduced pressure.

Employing a low concentration of 5-(4-carbomethoxyphenyl)dipyrromethene in this synthesis
favours the  macrocyclization  reaction  over  oligomerisation.?*  5,15-bis(4-
carbomethoxyphenyl-10,20-diphenylporphyrin forms as the major non-polymeric product of

this reaction, however, several isomeric porphyrins were also detected in the reaction mixture,
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including porphyrins with alternative substitution patterns such as 5,10-bis(4-carboxyphenyl)-
15,20-diphenylporphyrin, a.p-linked “N-confused” porphyrins, as well as unsubstituted, mono-, tri-

and tetra-carboxyphenyl substituted porphyrins, and other combinations of these variations.?

Purification of the crude product using a series of silica gel chromatographic separation steps
afforded the product 5,15-bis(4-carbomethoxyphenyl)phenyl-10,20-diphenylporphyrin
(Me2H2L1) in high purity and acceptable yield (17%). The product was subsequently

characterised using NMR, FT-IR and UV-Vis spectroscopy, and mass spectrometry.

o O
O\
1) TFA, p-chloranil
n 2) TEA _
H H CHCI,, Darkness
N N
1y

Scheme 2.2: Reaction between 5-(4-carbomethoxyphenyl)dipyrromethane and benzaldehyde yielding 5,15-bis(4-
carbomethoxyphenyl)phenyl-10,20-diphenylporphyrin (MezHzL1) as the major porphyrin product.
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2.2.3 Synthesis of Metalloporphyrin Esters MezL1-Cu'!, Mez2L1-Ni'' and Me2L1-Pt"

The ester 5,15-bis(4-carbomethoxyphenyl)-10,20-diphenylporphyrin  (Me;H2L1) can be
hydrolysed without further modification to obtain the corresponding freebase porphyrin HsL1
(see section 2.2.4). Alternatively, the freebase ester Me>H2L 1 can be metallated with an array
of metal ions which will each impart unique electronic, photophysical and redox properties to
the molecule.?® For example, Brouwer et al. demonstrated that metalloporphyrin complexes of
cu' and Ni" ions function as stable photosensitisers for the light-driven OER under neutral,
phosphate-buffered conditions in the presence of a Co-based WOC.?’ Furthermore, Pt"-based
metalloporphyrin complexes have been highlighted as excellent photosensitisers for H20O
splitting.8%° It was rationalised that the high quantum yields and large redox potentials
associated with Pt"-based porphyrins justified their use, despite the increased investment costs
associated with this noble metal.**3! For these reasons Cu", Ni'' and Pt" ions were selected for

complexation with MeoH,L 1.

Reaction conditions vary slightly depending on the metal ion to be incorporated in the
porphyrin and are summarized in Scheme 2.3. Applied synthetic procedures were adapted from
Cheng et al. and, in general, involve the reflux of the ester Me;H2L1 with an excess of the
desired metal salt in an appropriate organic solvent until complete metalation is confirmed
using TLC.*

Me,L1-Cu"!

Me,L1-Cu'" was prepared by refluxing MezHzL1 and Cu(OAc)2 in a mixture of CHCI3 and
MeOH in absence of light for 24 hours, followed by removal of the solvent under reduced
pressure. Subsequent recrystallisation of the solid residue in a mixture of DCM and MeOH

afforded the formation of Me,L1-Cu" as an orange powder in high yield (86%).

Me,L1-Ni'"!

Me,L1-Ni"" was synthesised by refluxing MezH,L1 with Ni(acac). in toluene in the dark for
48 hours. Following this, the solvent was evaporated under reduced pressure and the solid
residue was recrystallized in a mixture of CHCIs and MeOH to afford the formation of MeL 1-

Ni' as an orange powder in high yield (84%).
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Me,L 1-Pt"

Me,L1-Pt" was prepared by refluxing a solution of MezH,L 1 and PtCl, in benzonitrile under
an inert atmosphere for six hours while protecting from light. Removal of the solvent under
reduced pressure and recrystallisation of the solid residue in a mixture of CHCI; and MeOH

afforded the formation of Me,L 1-Pt" as a red powder in good yield (77%).
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Scheme 2.3: Synthetic route to form the metalloporphyrin esters MezL1-Cu'"', Me2L.1-Ni'" and MeL 1-Pt" from MezHzL 1.
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2.2.4 Synthesis of Carboxylic Acid Porphyrins HsL1, Me2H2L1-Cu", Me2H2L1-Ni'" and
MezH2L1-Pt'!

Porphyrin esters were hydrolysed according to adapted literature procedures (Scheme 2.4).%
The ester-functionalised porphyrins Me;HzL1, Me,L1-Cu", Me,L1-Ni" and Me,L1-Pt" were
each refluxed in mixtures of H.O, KOH, THF and MeOH for up to 48 hours under darkness.
The resulting dipotassium salts were then dissolved in water before being acidified with HCI,
causing precipitation of the carboxylic acid products. These products were subsequently
collected by filtration and washed with warm distilled water and hexane and (if necessary)
recrystallised in EtOH and acetone, which afforded the formation of the deprotected
metalloporphyrin ligands; HsL1 as a purple powder in 95% yield, H.L1-Cu'" as an orange
powder in 84% yield, H,L 1-Ni" as an orange powder in 80% yield or H,L1-Pt" as a red powder
in 74% yield. All compounds were characterised using NMR, FT-IR and UV-Vis spectroscopy,

and mass spectrometry.

@ 0 HO
Q A QA 5
1) KOH
) HC
THF/MeOH,
Reflux in Darkness
(YD (YD
(0]}
d or (H,L1)
(b) o’ HO

()
&
(L
Q2

1) KOH M = Cu'': HyL1-Cu"
2) HCI o a1
> M = Ni": HyL1-Ni
THF/MeOH,

_ gl I
Reflux in Darkness M = Pt™: HyL1-Pt

() = U

o o]

o] OH
4 (H,L1-M)

Ch
v

Scheme 2.4: Synthetic method employed to obtain (a) the dicarboxylate porphyrin HsL1 and (b) the dicarboxylate
metalloporphyrins H2L1-Cu", HoL1-Ni'" and HaL1-Pt".
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2.3 [Co'"4(L1-Cu")a(H20)7]-2DEA-8MeOH (1)

Following the successful synthesis and characterisation of the porphyrin ligands HsL1, HoL 1-
Cu", H2L1-Ni" and HoL1-Pt' in high purity, several attempts were made to incorporate these
linkers into novel MMPFs containing redox-active Co'-based SBUs. This aim was achieved
for the first time with the synthesis of [Co'4(L1-Cu'")4(H20)7]-2DEA-8MeOH (1).

2.3.1 Synthesis of [Co''4(L1-Cu')4(H20)7]-2DEA-8MeOH (1)

The 3D MMPF [Co"4(L1-Cu')s(H20)7]-2DEA-8MeOH (1) was synthesized in a reproducible
reaction between HoL1-Cu' and CoCl; in a mixture of diethyl acetamide (DEA) and methanol.
Heating this mixture to 80 °C in an autoclave for four days before slowly cooling to ambient
temperature resulted in the formation of phase-pure, rod-shaped crimson crystals of 1 in good

yield. The crystals were of suitable quality for analysis using single crystal X-ray diffraction.
2.3.2 Crystal Structure of [Co''4(L1-Cu')4(H20)7]-2DEA-8MeOH (1)

The crystal structure of [Co'"4(L1-Cu')s(H20)7]-2DEA-8MeOH (1) was solved in the
orthorhombic space group Pbcn. 1 is a 3D MMPF featuring tetranuclear {Co's} SBUs bridged
by linear ditopic (L1-Cu™?  porphyrin linkers and large, solvent-accessible hexagonal

channels which extend in the direction of the crystallographic a-axis (Fig. 2.2).

Figure 2.2: Ball-and-stick representation of the 3D structure of the MMPF [Co"4(L1-Cu')4(H20)7]-2DEA-8MeOH (1)
viewed in the directions of the crystallographic a-axis highlighting the 1D channels of 1. Solvent molecules and hydrogen
atoms have been omitted for clarity. Colour scheme: C white, H grey, N blue, O red, Co violet, Cu orange. Co' centres

are represented as red polyhedra.
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Each of the {Co'4} SBUs of 1 are connected to eight other {Co'4} nodes by eight bridging
ditopic (L1-Cu')?" linkers. This generates the unique 3D architecture of 1 which can be seen
in Fig. 2.3.

Figure 2.3: Ball-and-stick representation of the 3D structure of the MMPF 1 viewed in the directions of the
crystallographic b-axis. Each of the tetranuclear {Co'4} nodes in the framework are connected to 8 different {Co's} SBUs
by 8 ditopic (L1-Cu'")>" linkers. Solvent molecules and hydrogen atoms have been omitted for clarity. Colour scheme: C
white, H grey, N blue, O red, Co violet, Cu orange. Co" centres are represented as red polyhedra.

The asymmetric unit of 1 contains two crystallographically distinct Co' centres which display
distorted octahedral coordination environments, two doubly deprotonated (L1-Cu')?" ligands,
one crystallographically fully-occupied wu2-bridging H2O molecule, one uo-bridging H>O
molecule with a crystallographic occupancy of % and two terminally coordinated H»O
molecules. The uo-bridging H2O molecule with a crystallographic occupancy of % is located
on a two-fold rotational axis. This C> symmetry element positioned on the central u-bridging
O-donor generates the linear tetranuclear {Co's} SBU of 1. This SBU is stabilised by eight
different u-bridging (L1-Cu'")?" ligands and seven H.O molecules, three of which adopt a z,-

bridging mode and four of which are terminally coordinated.
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Eight linear ditopic (L1-Cu')?>" linkers connect each SBU with eight different tetranuclear
SBUs (Fig. 2.4). Each of the two crystallographically independent linkers in 1 are doubly
deprotonated and adopt two different coordination modes at their four different binding sites;
three adopt a bidentate bridging mode and one adopts a monodentate binding mode. The
hexagonal channels in 1 are occupied by disordered solvent molecules which could not be

modelled, so were therefore accounted for using the OLEX2 implementation of BYPASS.**

Figure 2.4: Ball-and-stick representation of {Co''s} SBU of [Co'4(L1-Cu")s(H20)7]-2DEA-8MeOH (1) showing the
arrangement the (L1-Cu'")>" linkers which surround the 8-connected tetranuclear {Co''s} node, viewed in the direction of
the crystallographic b-axis. Solvent molecules and hydrogen atoms have been omitted for clarity. Colour scheme: C white,
H grey, N blue, O red, Co violet, Cu orange. Co" centres shown as red polyhedra.

A detailed representation of the {Co's} SBU of 1 is presented in Fig. 2.5. The coordination
geometry adopted by each of the four Co'' centres in the SBU of 1 is distorted octahedral. The
four metal centres are bridged by six uo-bridging carboxylate moieties and three O-donors from
three u2-bridging H20 molecules. The central u2-bridging O-donor O(12) that bridges Co(2)
and Co(2’) is located on a 2-fold rotational axis. The SBU is also coordinated by four O-donors
0O(1), O(2), O(1*) and O(2’) that derive from four #* terminal capping H.0 molecules which

are orientated towards the hexagonal channels of 1.
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Figure 2.5: Ball-and-stick representation of the tetranuclear {Co's} SBU in 1. Most of the hydrogen atoms have been

omitted for clarity. Colour scheme: C white, H grey, O red, Co violet.

The coordination environment of Co(1) comprises two O-donors O(1) and O(2) of two cis
terminally coordinated aqua ligands, two O-donors O(3) and O(8) that derive from two distinct
bidentate syn-syn bridging carboxylate moieties which each adopt a u2-7*:%* binding mode, one
O-donor O(9) which derives from a monodentate carboxylate moiety and adopts a u1-1* binding

mode, and one O-donor O(11) from a uo-bridging aqua ligand.

The bond distances between Co(1) and each of the O-donors of the two terminal H2O molecules
O(1) and O(2) are 2.112(7) A and 2.126(5) A for Co(1) — O(1) and Co(1) — O(2), respectively.
In contrast, the bond distances between Co(1l) and the O-donors of the two bidentate
carboxylate moieties are 2.004(4) A and 2.038(5) A for Co(1) — O(3) and Co(1) — O(8),

respectively. The distance between Co(1) and the monodentate carboxylate moiety O-donor
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0(9) is 2.076(4) A. The distance between Co(1) and the O-donors of the uz-bridging H20 ligand
O(11) is the longest bond distance in the coordination sphere of Co(1), which is 2.143(4) A.

The bond angles surrounding Co(1) that deviate from the ideal octahedral angle of 90° are
within the range of 86.36(2)° — 98.74(3)°. The bond angle surrounding Co(1) that deviates most
significantly from the ideal octahedral angle of 180° is 174.3(2)° for O(2)-Co(1)-O(8).

The coordination environment of Co(2) is composed of four equatorial O-donors O(4), O(5),
0O(6) and O(7) that derive from four different bidentate syn-syn bridging carboxylate moieties
which adopt u2-7*:5* binding modes. Two axial O-donors O(11) and O(12) of two u.-bridging
H20 moieties complete the coordination sphere of Co(2).

The bond distances between Co(2) and the four O-donors of the bidentate bridging carboxylate
moieties O(4), O(5), O(6) and O(7) are 2.058(4) A, 2.025(4) A, 2.046(4) A and 2.060(4) A,
respectively. The bond distances between Co(2) and the O-donors of two u-bridging H20
moieties are 2.150(4) A and 2.178(3) A for Co(2) — O(1) and Co(2) — O(12), respectively.

The bond angles surrounding Co(2) which deviate from the ideal octahedral angle of 90° are
within the range of 86.43(2)° — 94.43(2)°, and the bond angle surrounding Co(2) that deviates
most significantly from the ideal octahedral angle of 180° is 176.88(2)° for O(2)-Co(2)-O(8).
This binding geometry gives Co(2) an axially elongated, distorted octahedral coordination
environment. The bond distances and angles surrounding Co(1) and Co(2) are within expected
ranges and are consistent with comparable Co' carboxylate complexes reported in the

literature.3®

The interatomic distance Co(1)---Co(2) is 3.587(1) A, and the interatomic distance
Co(2)---Co(2”)is 3.575(5) A. The bond angles Co(1)-O(11)-Co(2) and Co(2)-0(12)-Co(2’) are
113.31(1)° and 110.36(1)°, respectively. These interatomic distances and angles within the
SBU of 1 are similar to those reported for other analogous carboxylate-bridged Co" complexes

in the literature.3®

Topologically, the tetranuclear SBU can be considered as an 8-connected node linked by
ditopic (L1-Cu')?" linkers, generating a uninodal framework with the overall point symbol of
{42°.6%}. A topological reduction of 1 is presented in Fig. 2.6. To the best of our knowledge,
the topology of 1 is exceptionally rare. At the time of writing, 8-connected MOFs are scarcely
described in the literature.3"3%38 Further, this is also the first reported example of a MOF

featuring the unique linear {Co's} SBU.
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Figure 2.6: Topological reduction illustrating the connectivity of 1. {Co'4} nodes are represented as violet spheres
connected by (L1-Cu")*" linkers.

Selected supramolecular interactions which stabilise 1 are shown in Fig. 2.7. Hydrogen
bonding interactions within 1 are highlighted in Fig. 2.7a. The O-atom O(10) of the
monodentate carboxylate moiety acts as a H-bond acceptor by forming a hydrogen bond with
the uo-bridging water moiety comprising O(11), which acts as a H-bond donor. The hydrogen
bond distance O(10)---H — O(11) is 2.564(2) A, and the bond angle O(10)---H-O(11) is
160.3(5)°. These values are consistent with literature reported hydrogen bonding interactions

of moderate strength.3®

o(6)

Figure 2.7: Ball-and-stick representation of the supramolecular forces within 1 highlighting (a) the hydrogen bonding
interaction between the hydrogen bond acceptor O(10) and the hydrogen bond donor O(11), and (b) selected n — = stacking
interactions between (L1-Cu')?~ linker moieties which stabilise 1. Hydrogen atoms not participating in hydrogen bonding
and coordinated solvent molecules have been omitted for clarity. Hydrogen bonds and © — & interactions are represented

as dashed red lines. Colour scheme: C white, H grey, N blue, O red, Co violet, Cu orange.
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Further stabilisation of 1 occurs through m — m stacking interactions which extend
approximately in the direction of the crystallographic a-axis. Some of these stacking
interactions are highlighted in Fig. 2.7b. The non-functionalised meso phenyl rings of the (L1-
Cu')?” linkers display T-shaped m — m stacking interactions with neighbouring (L1-Cu')?"
porphyrin rings. The distance between these © — &t stacking moieties is within the range of 3.47
— 3.67 A. Neighbouring porphyrin moieties also display parallel displaced = — 7 stacking
interactions which stabilise 1. These interactions, which occur between the tetrapyrrolic
systems of adjacent (L1-Cu')?~ moieties, are also highlighted in Fig. 2.7b. The average distance
between these stacking porphyrins varies between 3.58 A and 3.62 A, and is consistent with xt

— 7 stacking interactions reported in the literature. %4

The two distinct (L1-Cu'")>~ linker moieties within the crystal structure of 1 are illustrated in
Fig. 2.8. Each of the Cu'" ions Cu(1) and Cu(2) adopt square planar coordination geometries,
and the metalloporphyrin moieties adopt planar configurations. The bond angles between the
central Cu'" ions and the pyrrolic N-donors located at opposite corners of the macrocyclic cavity
range between 179.22(18)° to 180.00(15)° for N(1)-Cu(1)-N(3) and N(5)-Cu(2)-N(7),

respectively.

Figure 2.8: Ball-and-stick representations of the two distinct ditopic (L1-Cu")?>~ metalloporphyrin linker moieties of 1.

Hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Cu orange.
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The dihedral angles between carboxylate-functionalised phenyl rings on opposite meso
positions of the (L1-Cu'")>" ligands vary up to 9.94°, whereas the dihedral angles between the
non-functionalised phenyl rings of the (L1-Cu")* linkers are within the range of
0.32° — 56.51°. This configuration facilitates increased stabilisation of the ligands through = —

7t stacking and hydrogen bonding interactions.

The two ditopic porphyrin linkers present in the asymmetric unit of 1 are both fully
deprotonated. For each of the two (L1-Cu'")?>" linkers, two carboxylic acid moieties and two
pyrrole moieties of the porphyrin ring system are deprotonated. This gives a charge of —8,
which is balanced by two Cu' ions which occupy the central cavities of the metalloporphyrin
rings, and two Co' ions of the MMPF’s SBU. 1 is therefore a neutral framework, and the
assignment of the oxidation states for each of the Cu'" and Co' ions were verified using BVS

analysis calculations.

The packing of 1 is presented in Fig. 2.9. Viewing along the crystallographic a- b- and c-axes
illustrates the 1D hexagonal channels of 1. These channels extend in parallel with the
crystallographic a-axis and constitute the void volume of 1. The solvent-accessible void
volume of 1 was calculated as ca. 4874 A3, which corresponds to 21.8% of the unit cell (using
CCDC-mercury program and a probe radius of 1.2 A).#
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(b) (© T_, c

Figure 2.9: Space-filling representation of the packing of 1, viewed along the crystallographic (a) a-axis, (b) b-axis and

(c) c-axis. Colour scheme: C white, H grey, N blue, O red, Co violet, Cu orange.
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2.3.3 Physicochemical Characterisation of 1
Infrared Spectroscopy

The MMPF 1 was characterised using IR spectroscopy. The FT-IR spectrum of 1 (Fig. 2.10)
exhibits several characteristic signals: A weak, broad signal at around 3629 cm™* was assigned
to O — H stretching vibrations of the terminal and bridging H.O molecules within the SBU of
1, and constitutional solvent molecules. A signal at 3058 cm™ can be assigned to aromatic C —
H stretching vibrations of the (L1-Cu')? linker moieties. Two signals at 2972 and 1604 cm™*
can be attributed to a C — H vibration and a C = O vibration, respectively of the constitutional
DEA solvent molecules which occupy the channels of 1.** A band at 1575 cm™ may be
assigned to an asymmetric stretching vibrational mode of the #* binding carboxylate moiety of
1.44% Strong signals at 1533 and 1382 cm™ were attributed to the asymmetric and symmetric
stretching vibrations, respectively of the u2-#':4* bridging carboxylate moiety in 1. Two
absorptions at 1342 and 996 cm™ can be assigned to a C — N vibration, and to an in-plane

deformation (ring breathing) of the (L1-Cu')?>" ligand, respectively.*’
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Figure 2.10: FT-IR spectrum of 1.
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Thermogravimetric Analysis

The thermal stability of 1 was assessed using thermogravimetric analysis (TGA). The analysis
was conducted using a freshly prepared crystalline sample under a constant stream of Nz in the
temperature range 30 — 800 °C. The TGA trace (Fig. 2.11) reveals that as 1 is heated from 30
— 100 °C, a weight loss of 9.9% is observed. This weight loss can be accounted for by the loss
of 8 methanol molecules from channels of 1 (calculated: 9.9%). Heating 1 further from 100 -
190 °C resulted in an additional weight loss of 9.2%, which can be attributed to the loss of two
DEA solvent molecules from the channels in 1, and the loss of the three u2-bridging and two
terminal H.O molecules from the SBU of 1 (calculated: 9.1%). Heating 1 above 350 °C results
in decomposition of the organic ligands and is associated with a weight loss of 55%. A final
decomposition step is noted from 480 - 800 °C, which is attributed to the formation of metal
oxide species. The formula [Co'"4(L1-Cu'")s(H20)7]-2DEA-8MeOH assigned to 1 was

determined through the interpretation of these data.
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Figure 2.11: TGA trace for 1.
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Powder X-Ray Diffraction Analysis

Powder X-ray diffraction (PXRD) analysis was employed to determine the phase purity of 1
(Fig. 2.12). As 1 rapidly desolvates in air, the material was measured using a capillary.
Comparison of the measured powder pattern with the simulated powder pattern (calculated
from the crystal structure of 1) shows that the two highest intensity signals in the calculated
powder pattern at 26 = 6.13° and 8.45° are in good agreement with the measured powder
pattern. The fine structure is not fully resolved in the powder pattern of 1, however most of the
high intensity signals are present in both the measured powder pattern and the simulated PXRD
spectrum. This disparity may be due to preferred orientation effects in the measured sample.
Alternatively, differences between the measured and simulated PXRD patterns could arise
from unrefined disordered solvent molecules in the crystal structure of 1. The results of this

analysis indicate that 1 forms phase-pure using the synthetic approach outlined in Section 2.2.
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Figure 2.12: Powder X-ray diffraction analysis comparing the experimental powder pattern of 1 (black) with the

simulated powder pattern calculated using the single crystal X-ray diffraction data of 1 (red).
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2.4 [Co"(L1-Cu")(DEA)]-H20-3MeOH (2)

Initial attempts to synthesise novel 3D Co'-based MMPFs using the relatively underexplored
metalloporphyrin pro-ligand HoL1-Cu" were successful. After achieving this objective with
the synthesis of 1, further experiments were carried out to establish if other Co'-based MMPFs
could be generated using (L1-Cu')?~ as a ligand. These investigations led to the discovery of
[Co"(L1-Cu'")(DEA)]-H20-3MeOH (2).

Modification of the reaction conditions applied in the synthesis of 1 resulted in the generation
of the 2D Co'-based MMPF 2. 2 forms from the same reactants as 1, however at a higher
temperature and in the presence of a modulator (acetic acid). In this section. the synthesis,
structure and physicochemical characterisation of 2 are discussed.
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2.4.1 Synthesis of [Co''(L1-Cu'")(DEA)]-H20-3MeOH (2)

The 2D MMPF [Co'(L1-Cu')(DEA)]-H.0-3MeOH (2) was synthesised in a reproducible
reaction between H,L1-Cu" and CoCl.-6H.0 in a mixture of DEA and methanol in the
presence of acetic acid as a modulator. Heating this mixture to 120 °C under solvothermal
conditions for three days led to the formation of red, plate-shaped crystals of 2 in moderate
yields which were suitable for analysis using single crystal X-ray diffraction.

2.4.2 Crystal Structure of [Co''(L1-Cu')(DEA)]-H20-3MeOH (2)

The crystal structure of 2 was solved in the monoclinic space group P2/c. X-ray analysis
revealed that 2 is a 2D MMPF featuring rod-shaped SBUs which are comprised of alternating
tetrahedrally and octahedrally coordinated Co' centres. The SBUs of 2 are bridged by(L1-
Cu'? linkers generating 2D sheets with a corrugated form (Fig. 2.13).

Figure 2.13: Ball-and-stick representation of the 2D MMPF [Co'(L1-Cu")(DEA)]-H20-3MeOH showing a corrugated
2D sheet featuring rod-shaped SBUs connected by ditopic linear (L1-Cu'")?" linkers. Coordinated solvent molecules and
hydrogen atoms have been omitted for clarity. Colour Scheme: C white, O red, Co violet, Cu Orange. Co" centres are

represented as red polyhedra.

The asymmetric unit of 2 contains two crystallographically independent Co" centres, each of
which are located on two-fold rotational axes and have a crystallographic occupancy of %. Also
present in the asymmetric unit of 2 are one doubly deprotonated (L1-Cu')?" ligand and one

terminally coordinated DEA solvent molecule. The constitutional solvent molecules were not
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located in the crystal structure of 2 and were therefore masked using the Platon-Squeeze

routine.*®

Each of the Co" centres within the MMPF 2 are coordinated by four different syn-syn bridging
carboxylate moieties which adopt uz-11:#* binding modes. These carboxylate moieties connect
the Co' centres generating infinite 1D chains that extend in the direction of the crystallographic
a-axis (Fig. 2.14). These rod-shaped SBUs stack in parallel with one another and are each
connected within the 2D sheet along the [101] crystallographic directions to two neighbouring
SBUs by ditopic (L1-Cu™)? linkers.

> a

Figure 2.14: Ball-and-stick representation of the SBU of the 2D MMPF [Co''(L1-Cu")(DEA)]-H20-3MeCOH (2) which
features alternating tetrahedral and octahedral Co" centres bridged by the carboxylate moieties of the (L1-Cu')>" ligand.
Coordinated solvent molecules and hydrogen atoms have been omitted for clarity. Colour Scheme: C white, O red, Co

violet. Co' centres are represented as red polyhedra.

The coordination environments of the two crystallographically ¥ occupied Co" centres, Co(1)
and Co(2) of 2 are displayed in Fig. 2.15. The coordination geometry of Co(1) is distorted
octahedral, and this ion’s coordination environment comprises four O-donors O(1), O(1”), O(4)

and O(4’) which derive from four syn-syn bridging, u2-x:#* binding carboxylate moieties of
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four different (L1-Cu')?> ligands, and two O-donors O(5) and O(5”) of two cis-coordinated
DEA solvent molecules. The coordination geometry adopted by the other Co' centre of 2,
Co(2), is distorted tetrahedral and is composed of four O-donors O(2), O(3), O(2’) and O(3”)
of four different syn-syn bridging, u2-#*:#' binding carboxylate moieties which derive from

four different (L1-Cu'")?>" linker moieties.

Figure 2.15: Ball-and-stick representation of the octahedral and tetrahedral coordination environments of the two Co"
centres Co(1) and Co(2) of 2. Coordinated solvent molecules and hydrogen atoms have been omitted for clarity. Colour

scheme: C white, O red, Co violet.

The octahedrally coordinated Co' ion Co(1) is characterised by a bond distance between the
metal centre and the carboxylate O-donors O(1) and O(1°) of 2.2850(5) A, whilst the bond
distance between Co(1) and the carboxylate O-donors O(4) and (04’) is 2.3686(7) A. The
distance between Co(1) and the O-donors O(5) and O(5’) which derive from the cis coordinated
DEA solvent moieties is 2.2626(5) A. The bond angles surrounding Co(1) which deviate most
significantly from the ideal octahedral angle of 90° are 83.88(19)° and 97.86(19)° for O(4)-
Co(1)-O(5’) and O(4)-Co(1)-O(5), respectively. The bond angle surrounding Co(1) that
deviates most significantly from the ideal octahedral angle of 180° is 169.22(19)° for O(5)-
Co(1)-O(1").

The bond distances between the tetrahedrally coordinated Co' centre Co(2) and the carboxylate
derived O-donors O(2) and O(3) are 1.9604(5) A and 1.9484(4) A, respectively. The bond
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angles surrounding Co(2) which differ the greatest amount from the ideal tetrahedral angle of
109.5° are 98.41(2)° for O(3)-Co(2)-(3’) and 124.52(3)° for O(2”)-Co(2)-O(3). The bond
distances and angles surrounding the two Co" centres within the SBU of 2 fall within expected
ranges, and are typical in comparison with the bond distances and angles of other literature

reported tetrahedral and octahedral Co" carboxylate complexes.*®5051

The interatomic distance between neighbouring Co'' centres within the same 1D chain
Co(1)---Co(2) is 4.5020(14) A. This interatomic distance is significantly longer than the
average Co---Co interatomic distance within the tetranuclear Co" SBU of 1 which is ca. 3.6 A.
The shortest distance between two connected rod-shaped SBUs (Co' centre to Co') centre is
ca. 22 A.

The saddle-shaped metalloporphyrin linker (L1-Cu"?*" of 2 is depicted in Fig. 2.16. The
porphyrin exhibits a ruffled configuration. The bond angles surrounding the central square
planar Cu' ion Cu(1) which deviate from the ideal angle of 180° are 173.33(3)° and 173.61(3)°
for N(1)-Cu(1)-N(3) and N(2)-Cu(1)-N(4), respectively. The extent to which these bond angles
differ from 180° is greater than the equivalent bond angles of 1. Therefore, the porphyrin ligand
of 2 adopts a less planar configuration in comparison with the linkers of 1.

Figure 2.16: Ball-and-stick representation of the saddle-shaped, ditopic metalloporphyrin (L1-Cu')>~ linker of 2.

Hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Cu orange.
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The dihedral angle between carboxylate-functionalised meso phenyl rings within (L1-Cu')?
is 13.9°, whilst the dihedral angle between the non-functionalised meso phenyl rings of (L1-

Cu'? is 33.0°. This configuration facilitates the = — = stacking interactions which stabilise 2.

Selected & — & stacking interactions within 2 are illustrated in Fig. 2.17. The tetrapyrrolic rings
of adjacent porphyrin moieties within the 2D sheet stabilise each other through parallel
displaced m — = stacking interactions which propagate along the crystallographic [101]
direction. The distance between these © —  stacking moieties are within the range of 3.50 —
3.90 A. Additionally, the carboxylate-functionalised meso phenyl rings form weak parallel
displaced m — = stacking interactions with neighbouring carboxylate-functionalised meso
phenyl rings in the same 2D sheet, further stabilising 2. These n — n stacking interactions are

characterised by interatomic distances which range between 3.70 and 3.92 A.

Figure 2.17: Ball-and-stick representation of selected supramolecular interactions in 2, highlighting = — n stacking
interactions between neighbouring (L1-Cu)> porphyrin moieties within the 2D. Colour scheme: C white, N blue, O red,

Cu orange. T — m interactions are represented as dashed red lines.

The non-functionalised meso phenyl rings of (L1-Cu')?" are also stabilised through T-shaped
7 — 1 stacking interactions. These interactions occur between non-functionalised meso phenyl
rings and the tetrapyrrolic ring systems of neighbouring porphyrin moieties within the 2D
sheet. The distance between these m — = stacking interactions are within the range of
3.56 —3.57 A. T-shaped m — m stacking interactions also occur between non-functionalised
phenyl rings and the tetrapyrrolic cores of porphyrin moieties of neighbouring 2D sheets. The

distance between these m — m stacking interactions are within the range 3.67 — 3.96 A. The
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distances between all of the n — & stacking moieties discussed are within the expected range for

n — 7 stacking interactions, and are consistent with literature reported values.*

The (L1-Cu")? linker in 2 is fully deprotonated, giving a charge of —4. This charge is balanced
by the Cu' ion Cu(l), and two crystallographically half-occupied Co'" ions Co(1) and Co(2)
that form the rod-shaped SBU of 2. As a result of this, the overall charge of 2 is neutral.
Assignment of the oxidation states of each of the metal centres within 2 were confirmed using

BVS analysis calculations.

The packing arrangement in the crystal structure of 2 is displayed in Fig. 2.18. 2D corrugated
sheets pack densely, and the meso phenyl rings of porphyrin linkers interdigitate between
neighbouring 2D layers. Small 1D channels locate between the 2D layers and extend in the
direction of the crystallographic a-axis. These small channels are filled with constitutional

solvent molecules.

> ©

Figure 2.18: Ball-and-stick representation of the packing arrangement in 2 highlighting stacking interdigitated corrugated
sheets and small 1D channels which extend in parallel with the crystallographic a-axis. View is in the direction of the
crystallographic a-axis. Coordination solvent and hydrogen atoms have been omitted for clarity. Colour scheme: C white,

N blue, O red, Co violet, Cu orange. Co" centres are represented as red polyhedra.
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2.4.3 Physicochemical Characterisation of 2
Infrared Spectroscopy

The 2D framework 2 was characterised using infrared spectroscopy. The FT-IR spectrum of 2
is presented in Fig. 2.19 and exhibits several characteristic signals. Broad signals around 3000
cm™* can be attributed to aromatic C — H stretching vibrations of the (L1-Cu'")>" linker of 2. A
band at 1594 cm™ can be assigned to a C = O stretching vibration of the DEA moieties within
2.% Two signals at 1548 and 1373 cm™* can be assigned to the asymmetric and symmetric
vibrations, respectively, of the x?-»*:#! carboxylate groups which bridge the Co' centres of
2.444652 A weak band at 1274 cm ™ can be attributed to a C — N stretching mode of the porphyrin
linker of 2, and a sharp signal at 994 cm™ can be assigned to an in-plane vibration (ring
breathing) of the (L1-Cu'")?>" ligand.*’ Finally, a signal at 832 cm™ can be assigned to a methine

C — H bending vibration of the metalloporphyrin linkers of 2.5
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Figure 2.19: FT-IR spectrum of 2.
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Thermogravimetric Analysis

The thermal stability of 2 was assessed using TGA by heating a freshly prepared crystalline
sample of 2 from 30 — 800 °C under a constant stream of N2. The TGA trace is shown in
Fig. 2.20 and reveals that the decomposition of 2 occurs in three distinct stages. Between
20 —300 °C constitutional and coordinated solvent molecules are removed. The second
decomposition stage occurs between ca. 350 — 470 °C and is associated with the decomposition
of the organic ligands. A final thermogravimetric step occurs above 470 °C, which is attributed

to the formation of metal oxide species.

As the sample is heated from 30 — 100 °C a mass loss of 11.6% is observed. This decrease in
mass can be attributed to the loss of one water and three methanol constitutional solvent
molecules (calculated 11.5%). When 2 is heated further from 100 — 210 °C a weight loss of
10.8% is observed. This weight loss can be associated with the loss of the coordinated DEA
molecule of 2 (calculated 10.9%). Interpretation of these data led to the assignment of the
molecular formula [Co"(L1-Cu'")(DEA)]-H20-3MeOH of 2.
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Figure 2.20: TGA trace for 2.
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Powder X-Ray Diffraction Analysis

The phase purity of 2 was evaluated using PXRD analysis. Removal of the mother liquor from
2 results in desolvation of the sample, therefore the PXRD spectrum of 2 was measured using
a capillary. The experimental diffraction pattern of 2 and a simulated PXRD pattern calculated
from the single crystal X-ray diffraction data of 2 are displayed in Fig. 2.21. Comparison of
the experimental and simulated PXRD spectra reveals that all of the signals of high intensity
present in the calculated powder pattern are also present in the measured powder pattern of 2.
Although the experimental and simulated spectra agree, a signal at 26 = 10.6° observed in the
measured powder pattern was not observed in the calculated PXRD spectrum. This difference
may be due to preferred orientation effects in the measured sample, or because the

constitutional solvent molecules were not refined in the single crystal XRD structure of 2.
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Figure 2.21: Powder X-ray diffraction analysis comparing the experimentally obtained diffraction pattern with a simulated

spectrum obtained from the single crystal X-ray diffraction data of 2.

87



Chapter 2 — Co" Frameworks for H.0O Oxidation

2.5 H20 Splitting Catalysis

Two central ambitions of this research project encompass the synthesis of materials with the
potential to catalyse H2O splitting reactions, and the quantification of newly discovered
catalytic properties in terms of TON, TOF and % vyield. To achieve these objectives, an
experimental setup to establish the kinetics of light-driven OER or HER catalysis was designed.
Using this system, prospective catalysts were tested as constituents of three-component
photocatalytic mixtures according to adapted literature protocols.>*>>%>%" The design and
operation of the developed methodology are briefly outlined below. For further details of the

experimental approach used to measure light-driven H20O splitting, see Section 6.1.12.
2.5.1 Design of the H20 Splitting Experimental Setup

A schematic representation of the setup used to assess H20 splitting photocatalysis is presented
in Fig. 2.22. The system comprises a reactor housing the reaction mixture under investigation
(Fig. 2.22a) which is immersed in a water bath (Fig. 2.22b) kept at a constant temperature by
a hotplate/stirrer (Fig. 2.22c). An LED coupled with a fibre optic tip (Fig. 2.18d) illuminates
the reaction vessel as the dissolved O or H quantities are monitored in real-time using a Clark
electrode (Fig. 2.22e). A monometer (Fig. 2.22f) and laptop (Fig. 2.22g) amplify and record

the electrode’s output. A grounding cable (Fig. 2.22h) grounds the reaction mixture.

Figure 2.22: Schematic representation of the light-driven H20 splitting setup. Labels: (a) Reaction vial housing
photocatalytic mixture; (b) water bath; (c) hotplate/stirrer maintaining temperature and stirring rate of 25 °C and 500 rpm,
respectively; (d) LED with optical fibre; (e) Oz or Hz sensing Clark electrode; (h) grounding cable protecting Clark
electrode; (f) monometer; (g) laptop to record data. Inset: Photograph of the photocatalytic H20 splitting setup in operation.
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2.5.2 Methodology for Assessing H20 Splitting Catalysis

Photocatalytic H20 splitting experiments were carried out using three-component systems
comprising a PS ([Ru(bpy)s]Clz2 or [Ru(bpy)2(deeb)](PFe)2), a SEA or SED (Na2S:0s or
ascorbic acid) and an OER or HER catalyst under phosphate-buffered, aqueous conditions.
Mixtures under investigation were deaerated in the dark before hermetically sealing inside
borosilicate reaction vessels equipped with stir bars. A Clark electrode fitted with a piercing
needle tip was then inserted into the solution phase of the catalytic mixture via the septum of
the reactor. Following this, the photocatalytic mixtures were irradiated using an LED whilst
the dissolved O or H2 concentrations were recorded using the Clark electrode, thus providing
quantitative information about the kinetics of H.O splitting catalysis in real-time.

PS’s used in catalytic light-driven H.O splitting experiments included the commercially
available, homoleptic PS [Ru(bpy)s]Cl2 and the heteroleptic PS [Ru(bpy).(deeb)](PFs).. Both
of these one-electron, Ru-polypyridyl complexes are well established in the literature as PS’s
for H,O splitting catalysis.>”*® The redox potentials of the ester-functionalised PS
[Ru(bpy)2(deeb)](PFs). and Ru(bpy)s]Cl. are Ei» Ru"/Ru' = 1.40 V and 1.26 V vs. NHE,
respectively. Due to the endergonic nature of the more challenging half-reaction of H.O
splitting, the OER (E° = 1.23 V vs. NHE), it was rationalised that using a PS with a higher
redox potential in H2O oxidation experiments may improve the activity of a WOC. Therefore,
the PS [Ru(bpy)2(deeb)](PFs). was prepared in a three-step synthesis according to adapted
literature procedures outlined by Ma et al.>® and Meyer et al.%° (for synthesis see Section 6.2).

Once assembled, control experiments were conducted using the setup to verify its suitability
for measuring OER catalysis. The results of these experiments (presented in Section 6.13)
confirm that various mixtures of PS’s and SEA’s do not evolve O in the absence of a WOC.
Further, in a functional test in which a literature-established OER catalyst (Co0304
nanoparticles) was irradiated in the presence of a three-component catalytic system, significant
02 evolution was detected.52%? These tests demonstrate that the developed methodology is
suitable for assessing H>O oxidation catalytic activity. Following this, a series of optimisation
experiments in which a range of reaction parameters were individually modified were
performed (see Section 6.1.14 for details). As a result of these tests, the photocatalytic OER
experiments described herein were carried out under aqueous, phosphate-buffered conditions
(0.01 M, initial pH = 7.0) using NaxS20g (10 mM) as SEA and [Ru(bpy)2(deeb)](PFe)2
(2 mg, 2.33 pmol) as PS, and irradiated using an LED (A = 470) with a power of 10 mW cm 2.
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2.6 H20 Oxidation Properties of 1

The H.O oxidation half-reaction is considered a crucial bottleneck in the development of
efficient artificial photosynthetic technologies.®® Therefore, the discovery of highly active and
robust WOCs is of paramount importance for generating H. in a sustainable,
environmentally-friendly manner using H-O as a feedstock, and to advance our understanding
of this complex process.® Therefore, initial investigations intended to identify catalysts for the

more challenging O: evolution reaction.

The two Co'-based MMPFs discussed in this chapter 1 and 2 feature multiple characteristics
rendering them promising candidates to catalyse the OER. Considering the structures of these
compounds, each framework is constructed from potentially redox-active polynuclear Co'-
based SBUs, which are a common attribute among literature established molecular WOCs.®®
In addition, 1 and 2 are noble metal-free and heterogeneous under the aqueous conditions
typically employed in H2O oxidation. These properties are advantageous as they facilitate post-

reaction catalyst recovery via filtration and also may lower potential investment costs.5®

However, several features of 1 make this MMPF a more attractive compound to use as a
heterogeneous catalyst for the OER compared to 2. For example, the large solvent-accessible
channels of the MMPF 1 permit the simultaneous exposure of a higher proportion of the Co''-
based SBUs to H2O substrates than in 2, which has a relatively denser structure. Furthermore,
four aqua ligands coordinate to two Co'' centres in each of the {Co''s} SBUs of 1. The presence
of these H,O molecules bound directly to potentially active clusters is likely to promote O>

evolution catalysis.®’

The locations of the coordinated aqua ligands of 1 is also significant: Two terminally
coordinated H20O molecules comprising O(1) and O(2) cap each end of the {Co's} SBU and
dangle into solvent-accessible channels. Two coordinated H.O molecules comprising O(2) and
O(11) are connected to two different Co' centres and are held in close proximity to each other
(interatomic distance O(2)---O(11) is 3.057(3) A). This positioning allows the OER possibly
to proceed via either the WNA or the 12M pathway.®® Moreover, 1 forms phase-pure and in
high yield whereby large individual crystals can be manually selected for use in catalytic
studies, thus the homogeneity of the sample can be guaranteed. All of these factors underline
that 1 is the most suitable candidate to be used in an OER catalysis investigation. Therefore, 1
was employed in a series of O2 evolution experiments which are described in the following

section.
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2.6.1 Photocatalytic H2O Oxidation Experiments
Light-Driven OER Control Experiments Using 1

The light-driven OER catalytic activity of 1 was assessed according to established literature
procedures using the experimental setup described above.**® O, evolution experiments were
performed using large individual crystals of 1 which were manually selected from a freshly
prepared sample, washed with DMF and ground into a fine powder using an agate mortar and
pestle. The powdered crystals were then irradiated (A = 405 or 470 nm, 10 mW cm™?) in a
hermetically sealed reaction vessel in the presence of [Ru(bpy)2(deeb)](PFs)2 PS and Na»S>0g
SEA in an anoxic, phosphate-buffered aqueous solution whilst the kinetics of O, evolution

were monitored in real-time using an O-sensing Clark electrode.

Initially, several control experiments were performed using 1. Photocatalytic tests were carried
out in which individual components of the three-component system were excluded from
reaction vial prior to irradiation of the reactants at A = 470 nm. The results of these control
experiments are summarised in Table 2.1 and reveal that significant quantities of O, were not
evolved if any one photocatalytic component was not present in the reaction mixture. This
confirms that the WOC, SEA and PS are all required for overall OER activity.

Table 2.1: Table highlighting how light-driven OER catalysis using 1 depends on the presence of
an external PS, and on the wavelength of the LED light source.

Irradiation  Irradiation 02
WOC (1) Na:S20s  [Ru(bpy)2(deeb)](PFes)2 (A =405 (A=470 Evolution
nm) nm) Observed
= Yes Yes = Yes No
Yes Yes — — Yes No
Yes = Yes = Yes No
Yes Yes — Yes = No
Yes Yes Yes = Yes Yes
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The presence of porphyrin linkers in 1, which could potentially act as intrinsic photosensitising
moieties prompted a photocatalytic experiment in which an external PS was excluded from the
reaction mixture. In these tests, 1 was irradiated at A = 405 nm in the presence of Na>S>Og as a
SEA in phosphate-buffered aqueous solutions. Unfortunately, significant OER activity was not
observed in this experiment. This could be due to intramolecular quenching of photoexcited
porphyrins in 1, or be because of the (L1-Cu')?" ligand derivative of 1 not having a sufficient
redox potential to provide an adequate thermodynamic driving force for H,O oxidation to
proceed.” As a result of this, the OER experiment was repeated using [Ru(bpy)2(deeb)](PFs)2
as a PS and the reaction mixture was irradiated at A = 470 nm, which resulted in the production

of a significant quantity of Oo.

This experiment demonstrates that the presence of an external PS is necessary for Oz evolution
activity using 1. Attempts were made to synthesise an analogous MMPF to 1 using HzL1-Pt"
as a pro-ligand due to the higher redox potential associated with Pt'"-metallated porphyrins.?
However, a sample of acceptable purity, as determined by PXRD analysis, could not be
obtained.
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Catalytic Loading Experiments

Significant quantities of O, were evolved when 1 was irradiated in the presence of Na>S20s as
a SEA and [Ru(bpy)2(deeb)](PFs)2 as a PS at A =470 nm. lllumination of this three-component
catalytic mixture resulted in the dissolved Oz concentration inside the reactor to rise
continuously for ca. 250 seconds at a rate dependent on the catalyst loading. After this time,
the measured Oz concentration reached a plateau, before finally decreasing slightly as the
evolved O diffused into the reaction vessel’s headspace. Fig. 2.23 shows the kinetics of O2
evolution upon irradiation of photocatalytic mixtures containing loadings of 1 of 0.04 mg,
0.08 mg and 0.12 mg.
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Figure 2.23: Kinetic monitoring (Clark electrode) of the light-driven OER using different loadings of 1 (0 mg, black; 0.04
myg, blue; 0.08 mg, orange; 0.08 mg, red). Conditions: LED lamp (A = 470, 10 mW cm™2), [Ru(bpy)2(deeb)](PFs)2 PS (2
mg) and Na2S20s SEA (11.9 mg) in 0.01 M phosphate buffer (starting pH = 7, 5 mL). Constant stirring at 500 rpm; a

temperature of 25 °C was maintained by immersing the reaction vessel in a water bath.
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These experiments reveal that 1 is as an effective photocatalyst for H,O oxidation in the
presence of a SEA and a PS. The TON, TOF and O yields observed when employing various
loadings of 1 are displayed in Table 2.2. Under the applied conditions, 1 produces a maximum
quantity of 2.68 pumol O at a catalyst loading of 0.12 mg. The highest TON and maximum O>
yield were also observed at this catalyst loading, where 1 evolved 86.5 mol Oz per mole of

catalyst, corresponding to an O yield of 10.7% based on the loading of Na»S20s.

The calculated TOF was found to be inversely correlated with the loading of the catalyst: The
lowest TOF = 0.81 s ™! was observed at the highest loading of 1 (0.12 mg), whereas the largest
TOF = 1.08 s was observed at the lowest catalytic loading (0.04 mg). This trend has been
observed in a number of different OER catalytic studies reported in the literature.”>"2 The
maximum TON and TOF of 1 are remarkably high relative to other literature reported

heterogeneous transition metal-based WOCs.%""3

Table 2.2: Comparison of the TON, TOF and % oxygen conversion at various loadings of 1.

Catalyst Loading Turnover Number  Turnover Frequency  Oxygen Conversion
(mg) (TON) (TOF, s™%) (%)
0.04 66.3 1.08 2.74
0.08 61.9 0.57 5.12
0.12 86.5 0.81 10.7

Recycling Experiments

In order to ascertain if the WOC 1 could be recycled, an established literature protocol was
followed.” Fresh quantities of Na2S,0s SEA and [Ru(bpy)2(deeb)](PFs)2 PS were added to the
reaction vial after O, evolution had ceased, and the OER experiment was repeated. The
observed O2 quantity evolved fell to ca. 5% of the amount produced in the initial run, revealing
that 1 does not appear to be a recyclable catalyst under these conditions. This could be
attributed to many factors, such as catalyst decomposition under the highly oxidising
experimental conditions, or reduced efficiency of the catalyst under the decreased pH working

conditions of the post-OER catalytic supernatant.”
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2.6.2 Catalytic Characterisation Experiments

The pre- and post-irradiated reaction mixtures from light-driven O evolution experiments
using 1 were characterised physicochemically in order to identify the true WOC. UV-Vis
spectroscopy was used to detect in-situ leaching of Co' ions from 1 into the supernatant,
whereas Raman spectroscopy was employed to rule out the formation of trace quantities of
OER active materials such as cobalt oxides (CoOx) or cobalt phosphates (Co—Pi) during
catalysis. Raman and UV-Vis spectroscopy are highly sensitive, well-established techniques
within the H,O oxidation catalysis literature which are routinely used in the identification of

trace species or intermediates formed under turnover conditions.”®""78
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UV-Vis Spectroscopy

UV-Vis spectroscopy experiments were conducted to detect the presence of solvated Co' ions
in the catalytic mixture, which can act as a precatalyst by forming CoOx particles in-situ.”
Three-component  photocatalytic ~ mixtures containing the proposed WOC 1,
[Ru(bpy)2(deeb)](PFs)2 PS and Na2S20g SEA in an aqueous phosphate-buffered solution were
analysed using UV-Vis spectroscopy both before and after O evolution. The spectra of these
mixtures, as well as the UV-Vis spectrum of an aqueous solution of CoCl,-6H20 are compared
in Fig. 2.24. An absorption band at ca. 520 nm is observed in the UV-Vis spectrum of the
aqueous solution of CoCl,-6H20. This signal is not present in the UV-Vis spectra of either the
pre- or post-irradiated catalytic mixtures. This observation strongly indicates that significant
quantities of Co' ions do not leach into the supernatant from 1 prior to, or during the light-
driven OER.
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Fig. 2.24: UV-Vis spectra of the three-component photocatalytic mixtures in aqueous phosphate-buffered solutions before
(black) and after (red) irradiation. The UV-vis spectrum of an aqueous solution of CoCl.-6H20 is also plotted for

comparison (blue, dashed).
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The UV-Vis spectra of the irradiated and non-irradiated samples differ in three absorption
bands at ca. 360, 420 and 480 nm which are assigned to the PS [Ru(bpy)2(deeb)](PFe)2. These
signals appear reduced in intensity in the UV-Vis spectrum of the post-irradiated catalytic
mixture relative to the intensity of the corresponding bands in the spectrum of the pre-irradiated
catalytic mixture. The disparity between these two spectra indicates that the PS degrades during
OER catalysis. This observation is consistent with other photocatalytic H20 splitting systems

in the literature which use Ru-based polypyridyl PS’s.>’
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Raman Spectroscopic Analysis

To detect OER active species generated in-situ during catalytic experiments using 1, Raman
spectra were recorded of the dried residues of both pre- and post-irradiated catalytic mixtures.
These spectra, in addition to the Raman spectra of 1, [Ru(bpy)2(deeb)](PFs)2, Na2S20s and
Na2SO4 are compared in Fig. 2.25.
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Fig. 2.25: Raman spectra of the dried residues of the three-component photocatalytic mixture both before (black) and after
(red) irradiation. Solid samples of 1 (blue), [Ru(bpy)z(deeb)](PFs)2 PS (green), Na2S20g SEA (lilac) and Na2SO4 (navy)

are also plotted for comparison.

Interpretation of the Raman spectra of pre- and post-irradiated catalytic mixtures reveals a

number of key differences. Crucially, however, no additional signals in the Raman spectrum
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of the post-irradiated sample (that are not present in the spectrum of the pre-irradiated sample)
were observed within the range 400 — 600 cm ™. As CoOx compounds are highly vibrationally
active in Raman spectroscopy in this region, this observation rules out the in-situ formation of
CoOx species which could be responsible for the OER activity observed.””# Furthermore,
bands deriving from Co—Pi could not be detected in the Raman spectra of either the pre- or

post-irradiated catalytic mixtures.8.:82

A number of signals in the Raman spectrum of the pre-irradiated reaction mixture can be
assigned to the WOC 1. Bands of low intensity at 1555, 992, 402 cm* and two shoulders at
888 and 202 cm can be attributed to 1 in the pre-irradiated photocatalytic mixture. Most of
these signals, with the exception of a shoulder at 888 cm™ cannot be seen in the Raman
spectrum of the post-irradiated reaction mixture, indicating that the WOC decomposes into

OER inactive materials under the working conditions of Oz evolution.

A series of vibrational bands attributed to [Ru(bpy)2(deeb)](PFe)2 at 1767, 1614, 1493, 1475,
1317, 1277, 1263, 1045, 1030 and 767 cm™* have significantly lower intensity in the Raman
spectrum of the post-irradiated reaction mixture in comparison to the equivalent bands in the
Raman spectrum of the pre-irradiated catalytic mixture. This indicates that the PS decomposes
during O2 evolution, which is known to occur when employing ruthenium polypyridyl-based
compounds as PS’s for H,O oxidation catalysis.>” This observation is also consistent with the

UV-Vis spectroscopy analyses of pre- and post-irradiated catalytic samples.

Several signals in the Raman spectra of both the pre- and post-irradiated catalytic samples at
1296, 1264 1089, 854, 833, 571, 555 and 108 cm™ can be assigned to Na2S20s. These bands
reveal significantly lower intensity in the Raman spectrum of the post-irradiated three-
component mixture when compared with the corresponding bands in the Raman spectrum of
the pre-irradiated catalytic mixture. This disparity matches expectations, due to the irreversible
degradation of Na>S20g into Na2SO4 during Oz evolution. The diminished intensities of the
signals assigned to Na»S>Og in the Raman spectrum of the irradiated catalytic mixture indicates

that the SEA is only partially consumed during the OER using 1.

A signal at 993 cm™ in the Raman spectrum of the post-irradiated three-component mixture is
assigned to SOZ~. This is the only signal observed in the Raman spectrum of the irradiated
catalytic mixture that is not present in the Raman spectrum of the pre-irradiated mixture. This

is a result of decomposition of the SEA into Na>SO4 during light-driven O, evolution.
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The in-situ formation of CoOyx or Co—Pi compounds during the light-driven OER using 1 could
not be detected in Raman spectroscopy experiments. Furthermore, the leaching of Co' ions
into the supernatant during catalysis could not be detected using UV-Vis spectroscopy. The
results of these experiments, combined with the exceptional TOF observed for 1 (which is
significantly higher than TOFs reported in the literature for CoOx nanoparticles®® or Co—Pi
species®®) provides compelling evidence that 1 is a genuine WOC. It can therefore be concluded
that 1 is not a precatalyst which decomposes into another OER active species under working

conditions.
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2.7 Conclusion and Future Work

In this chapter, the synthesis of a linear dicarboxylate-functionalised porphyrin 5,15-bis(4-
carboxyphenyl)-10,20-diphenylporphyrin (HsL1) is described. Further, the syntheses of a
series of metalloporphyrin analogues HoL1-Cu", HoL1-Ni" and H2L1-Pt" are outlined, and the
Cu'' metalloporphyrin (HzL1-Cu') was successfully used in the synthesis of two novel Co'-
based  MMPFs,  [Co's(L1-Cu4(H.0)7]-2DEA-8MeOH (1) and  [Co'(L1-
Cu'")(DEA)]-H20-3MeOH (2).

Single crystal X-ray diffraction resulted in the elucidation of the structures of 1 and 2. 1 is a
3D MMPF featuring large, solvent-accessible 1D channels and unique 8-connected partially
hydrated {Co's} SBUs. 2 is a 2D MMPF which is composed of infinite rod-shaped SBUs
containing alternating tetrahedral and octahedral Co" centres bridged by (L1-Cu')?" linkers.
The assembly of these SBUs results in corrugated sheets that stack and interdigitate in the
crystal structure of 2.

In addition, an experimental setup and methodology which was designed to assess the H.O
splitting catalytic properties of prospective WOCs or HECs was described. Following on from
this, a photocatalytic OER study was carried out using 1, as this compound was judged to be
more likely to be active towards H2O splitting catalysis than 2. This investigation revealed that
1 functions as an effective WOC when irradiated (A = 470 nm) in the presence of
[Ru(bpy)2(deeb)](PFs). PS and Na2S:0s SEA under neutral, aqueous phosphate-buffered
conditions. A max. TON = 86.5 and TOF = 1.08 s were achieved using 1 as a WOC; this

activity is remarkable among literature reported transition metal-based WOCs.8467:73

Finally, the pre- and post-irradiated catalytic mixtures from O, evolution experiments were
characterised using Raman and UV-Vis spectroscopy. The results of these experiments ruled
out the in-situ formation of catalytically active materials such as CoOx or Co—Pi, implicating 1

as a genuine OER catalyst.

Future investigations may seek to characterise the OER activity of 1 under electrocatalytic
conditions. Cyclic voltammetry and bulk electrolysis experiments might be used to establish
the overpotential and stability of this WOC, in addition to facilitating further characterisation
of the post-catalytic material. Energy-dispersive X-ray spectroscopy experiments on catalytic
samples recovered following bulk electrolysis could allow precise elucidation of
decomposition pathways undertaken by 1 during O2 evolution. This information can then be
used to design a more robust catalyst that is resistant to the identified decomposition pathway.
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Additionally, the light-driven H2O splitting activity of 2 could be determined and compared
with the activity of 1. Moreover, Zn'- and Pt"-based metalloporphyrin complexes may be used
to synthesise novel MMPFs which are isostructural to 1 and 2, and the light-driven OER
properties of these novel compounds can be established. Gaining an understanding of how the
catalytic activities of these isostructures relates to the H.O splitting activities of 1 and 2 would
provide insight into how the nature of the metal ion within the MMPF’s linker influences the

structures’ overall catalytic activity.
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3.1 Introduction

In recent years, Mn-based H>O oxidation catalysts using the naturally occurring {Mn4CaOs}
cluster of the OEC as a blueprint for OER catalysis have attracted significant scientific
attention.! Investigations of these bioinspired compounds are propitious, not only for
enhancing our understanding of H>O splitting in Nature but also because of the intrinsic
properties of Mn. Owing to the high natural abundance and low toxicity of Mn, Mn-based
WOCs offer many advantages over other WOCs constructed from prohibitively expensive

rare-earth elements such as Ru and Ir.234

Mn-oxo clusters are particularly attractive for H.O oxidation catalysis studies as they can be
prepared in high yields from inexpensive, environmentally benign salts and solvents according
to well-established procedures.® Moreover, Mn is endowed with a rich redox chemistry with
several accessible oxidation states.® Consequently, polynuclear Mn-oxo complexes may
function as redox reservoirs, carrying several oxidising equivalents across many Mn centres of
a molecule. This allows multinuclear structures to mediate multiple-electron redox reactions
such as the four-electron OER whilst avoiding high energy intermediates.” For example, in the
OEC four photogenerated holes which are sequentially accumulated from Pego™ are stored as
Mn'" ions within the {Mn4CaOs} cluster prior to O evolution in the catalytic cycle (Fig.1.5).8

Importantly for H,O oxidation catalysis, all oxidation states above Mn'" are highly oxidising
under certain conditions, and are stabilised to varying degrees by OH™ and O~ ligands which
are important prevailing moieties during the OER (see Fig. 1.14).° In the OEC, it is suspected
that a highly oxidising Mn" (or Mn'V-oxyl) species provides the energy for the critical O — O
bond formation step.’® Additionally, the kinetics of ligand exchange at Mn" sites is fast,
particularly in the case of terminally coordinated ligands which is advantageous for H.O
oxidation.!! Furthermore, aromatic redox-active ligands which coordinate directly to Mn-oxo
core structures may be able to modulate catalytic activity by storing and transferring oxidising
equivalents during the OER. This is analogous to the tyrosine (YY) residue which is closely
associated with the catalytic action of the {Mn4CaOs} cluster in PS 11.1213 Moreover, Mn-oxo
cubanes are exceptionally powerful oxidising agents (with more oxidising power than

analogous non-cubane compounds of identical empirical composition).#

Under this purview, multinuclear Mn-oxo clusters comprising cubane-type core structures,
terminally coordinated labile ligands to allow H>O substrate exchange and non-innocent

aromatic ligands are particularly appealing for OER catalysis studies.’® In addition, HO
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oxidation catalysts capable of operating heterogeneously under neutral aqueous conditions are
advantageous for practical applications, as this facilitates their recovery from mild and

environmentally-friendly reaction mixtures.!316

Within the literature, a wealth of Mn-oxo aggregates which exhibit these attributes have been
documented.” Their structures are regularly reported due to their high magnetic anisotropies
which can give rise to single-molecule magnet (SMM) behaviour and potential data storage
applications.t81%2021 However, these materials have not yet satisfactorily been explored for
catalytic purposes. Thus, the examination of previously published Mn-oxo clusters for H.O
oxidation catalytic properties presents a promising avenue for advancing artificial
photosynthetic energy conversion concepts.??

One pertinent example of this is a dodecanuclear SMM [Mn12012(OAc)16(H20)4] which was
originally synthesised in Lis in 1980.% Recently, Maayan et al. modified this cluster by
incorporating hydrophilic di- or trihydroxybenzoate ligands. This resulted in soluble {Mn12}
derivatives which demonstrate significant OER activity. Under electrochemical conditions,
these compounds achieved TONs of 13.2 and 15.5 for the trihydroxybenzoate- and
dihydroxybenzoate-substituted clusters, respectively.?*2?> These materials represent some of the
most robust and active Mn-based H.O oxidation catalysts in the literature which operate at

neutral pH, however, they still show signs of decomposition under working conditions.

In this chapter, the screening for H.O oxidation catalytic properties of a range of Mn-oxo
compounds (3 — 11) is discussed. Following this preliminary investigation, the material which
displayed the highest apparent activity and stability (11) was selected for use in a more in-depth
OER study. As a result of this, 11 was resynthesized and characterised which resulted in the
discovery of a novel polymorph containing the literature-known {Mn19} cluster core. The O>
evolution properties of 11 under photochemical and electrochemical conditions are then
outlined, in addition to a series of experiments which assign 11 as a genuine molecular WOC
(see Sections 3.3 — 3.6).
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3.2 Preliminary Screening of Mn-Oxo Materials for OER Catalytic Activity

A central aim of this research project was to determine the catalytic OER properties of Mn
compounds with some structural similarities to the {Mn4CaOs} cluster of the OEC. The various
advantages afforded by ‘OEC mimicking” Mn-oxo clusters make their use in Oz evolution
catalysis studies attractive. Fortuitously, a diverse range of Mn-oxo clusters previously
prepared within the Schmitt group were available for use in H>O oxidation experiments. Using
the experimental setup described in Chapter 2, an array of promising, potentially OER active
Mn-oxo materials were screened for photocatalytic activity according to an established
procedure.?®2” Several of these structures are literature-known, however their OER catalytic
properties had not been explored prior to this work.?8293031 To emulate the biological working
conditions of the OEC, photocatalytic H2O screening experiments were conducted under

aqueous working conditions at pH = 7.

Mn-based coordination complexes and polymers bearing structural characteristics deemed
likely to confer OER activity were screened as prospective WOCs. For example, clusters
displaying solvent-accessible coordination sites,®> cubane motifs,!*3334 polynuclearity,®
Mn centres with high oxidation states?>3® or non-innocent ligands®’ were preferentially
selected. Several of the structures screened emerged as OER-inactive in these preliminary tests.
However, nine Mn-oxo compounds (3 —11) revealed catalytic O, evolution activity and are

discussed in this section.
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3.2.1 CI™-Stabilised Mn-Oxo Coordination Clusters with Cuboctahedral Core Topologies

Three tBuPO3? -stabilised (tBuPO3s?" = tert-butylphosphonate), mixed-valent Mn-oxo clusters
with {Mn"Mn"";2} (3), {Mn"sMn"";¢} (4) and {Mn"sMn'"';1} (5) core structures were

selected.?® These structures are displayed in Fig 3.1 and are formulated as:
[Mn""Mn'"15(114-O)s(a-C1)s(tBUPO3)s] ),
[Mn"'sMn'"10(jus-0)s(Hs-O) (ps-OH) (a-C1)4(C1) (tBUPO3sH) (tBuPO3)e]>~  (4) and

[Mn'"'sMn'"11(4-O)s(ps-O) (Ms-OH) (M2-OH) (a-Cl)a(tBUPO3H) (tBUPO3)10(Apy) ]~ (5,
Apy = 2-aminopyridine).

For the full molecular formulae of Mn-oxo compounds used to calculate catalyst loadings in
light-driven OER experiments, see Section 6.1.15 in the experimental section. Each unique
cluster 3 — 5 exhibits an array of attributes engendering them likely catalysts for the OER, and
their polynuclear Mn-based constitutions render them apt synthetic models of the MnsCaOs
OEC of PS 11.%8° However, heretofore the homogeneous OER catalytic properties of these

clusters had not been investigated.

The three Mn-oxo clusters 3 — 5 were prepared via comproportionation reactions between
MnCl2-4H,0 and KMnOs in the presence of tBuPOsH> and triethylamine (TEA) in acetonitrile
(MeCN). The cluster which forms from this reaction mixture is determined by the ratio between
the concentrations of CI™ anions and tBuPOsH> used in the synthesis. Therefore, a high degree
of synthetic control is afforded, as the employed CI™ anion concentration correlates with the
CI™ content and symmetry of the cluster generated. Employing Cl™:phosphonate ratios of 6:1,

4:1 and 2:1 reproducibly results in the formation of 3, 4 and 5, respectively.

3 (Fig. 3.1a) is a highly symmetric, tridecanuclear {Mn"Mn"';,} coordination cluster
comprising a central Mn'" ion which is linked to an array of twelve cuboctahedrally arranged
Mn'"" jons through eight ps-O*  oxo ligands. This cuboctahedron’s six square faces are
stabilised by six octahedrally arranged ps-Cl™ ligands, and its eight triangular faces are
stabilised by eight ps-tBuPO3*~ ligands which adopt a cubic configuration. Notably, 3 is an
example of a Keplerate cluster, as it comprises endohedrally encapsulating arrangements of
platonic ({Cls'} octahedron and {(tBuPO3s*)s} cube) and Archimedean bodies ({Mn'""}1

cuboctahedron).®

The CI stabilised clusters 4 (Fig. 3.1b) and 5 (Fig. 3.1c) are structurally related to 3. As in 3,
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Figure 3.1: (a — c) Ball-and-stick representations of three structurally related, mixed-valent Mn-oxo clusters which were
screened for light-induced OER activity: (a) 3, (b) 4, and (c) 5. Hydrogen atoms and solvent molecules have been omitted
for the purpose of clarity. Colour scheme: C white, O red, Cl green, P yellow, C orange, Mn'' pale pink, Mn'"" magenta.
(d) Kinetic monitoring (Clark electrode) of the Oz evolution response of three Mn-oxo clusters 3 (blue), 4 (green) and 5
(red) in the presence of a SEA and a PS. The O: evolution response of a control experiment in which only the SEA and
PS were irradiated is also plotted for comparison (black). Conditions: 1.2 uM WOC loading in a phosphate-buffered,
aqueous solution (5 mL 0.01 M, initial pH = 7) with Na2S20s SEA (10 mM) and [Ru(bpy)2(deeb)](PFs)2 PS (2 mg, 2.33
umol). LED lamp (A = 470, 10 mW cm™2). The photocatalytic mixture was stirred at a constant rate of 500 rpm and
maintained at 25 °C by immersing the reaction vessel in a water bath.
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both 4 and 5 are stabilised by eight cubically configured tBuPOs?" ligands. However, two
vertices of the {Cls } octahedron of 5 are absent in 4 and 3. Therefore, these reduced symmetry
structures have one fewer Mn'" vertex than the original {Mn'"}1, cuboctahedron of 3. The
central Mn'"ions of 4 and 5 are linked to eleven Mn'!" centres through one ps-OH?™ hydroxo,
one p3-O?" oxo and six p4-O?~ oxo ligands. 4 also features a pendant Mn'" ion which is attached
to the cluster core by two additional phosphonate ligands. Similarly, 5 features a hanging
dinuclear {Mn'"-OH-Mn'""} subunit which connects to the core through three phosphonates.
The dangling Mn centres of 4 and 5 are reminiscent of the dangling Mn"" ion of the OEC.3840

The OER catalytic properties of 3 — 5 were investigated for several reasons. For example, these
clusters contain several high oxidation state Mn centres (twelve Mn'!" (3), ten Mn'"" (4) or eleven
Mn'"" (5)), which has been associated with favourable H,O oxidation catalytic activity.*>*2
Moreover, the high nuclearities of 3 —5 may allow the four redox equivalents required for H20
oxidation to accumulate over multiple metal sites, thus preventing unfavourable large oxidation
state changes to any individual Mn centre.*® In addition, the stabilities of 3 — 5 in solution have
been confirmed using electrospray-ionisation mass spectrometry (ESI-MS).% Finally, the
dangling {Mn""} and {Mn"-OH-Mn""} subunits of 4 and 5, respectively, structurally resemble
a feature of the OEC.#

The Mn-oxo clusters 3, 4 and 5 were independently screened for homogeneous photocatalytic
OER activity under neutral, agueous phosphate-buffered conditions according to established
literature procedures.t:264%46. Upon light-irradiation (LED lamp, A = 470 nm, 10 mW cm2),
deaerated 1.2 uM solutions of 3, 4 or 5 containing Na»S>0g SEA and [Ru(bpy)2(deeb)](PFs)2
PS, the dissolved O. quantity inside the reactor rose continuously for ca. 120 seconds. The
kinetics of O. evolution (monitored using a Clark electrode) by 3 (blue), 4 (green), 5 (red) and

no catalyst (black) while all other conditions were kept constant are plotted in Fig. 3.1d.

In these screening experiments, the Mn-oxo clusters 3, 4 and 5 produced significantly more O>
than was liberated in a control experiment in which no catalyst was used, indicating that all
three compounds demonstrate OER catalytic activity. 4 and 5 evolved the highest quantities of
O, liberating max. 105 and 108 nmol of O, respectively. These closely matching activities
correspond to a TON = 17.5 for 4 and a TON = 18 for 5. The symmetric species 3 gave rise to
the lowest quantity of O, of the three clusters, demonstrating a TON = 14.8 and a TOF = 0.35
s, A comparison of the TONs, TOFs and % O yield of the OER using 3, 4 and 5 is presented
in Table 3.1 on page 122.
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The higher H2O oxidation activities of 4 and 5 in comparison with the activity of 3 could arise
due to a contribution from the ‘dangling” Mn centres of these compounds. Also, as 4 and 5
feature two fewer outer stabilising CI™ ligands relative to 3, the cores of the former clusters
may be more readily accessible by H.O substrate molecules thus improving their OER
performance. Finally, the nature of the bridging ligands which stabilise 3 — 5 could be of
potential significance: Whilst 3 is stabilised exclusively by ps-tBuPO3z?~ phosphonate ligand
derivatives, 4 and 5 are stabilised by both ps-tBuPOs?~ and p2-tBuPOsH™ phosphonates. The
labile latter ligand derivative may be substituted by H>O substrates more easily, giving rise to

the relatively higher catalytic activities observed using 4 and 5.
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3.2.2 Mn-Oxo Coordination Clusters featuring Brucite-Type Structural Motifs

Four investigated, structurally related, Mn-oxo clusters which were synthesised within the

Schmitt group are of the formulae:

[(l\/lI‘l“o,sl\/lI’l“lo_s)|\/|I‘]III12(,u4-0)6(,u-oH)z(,u-o|\/|(i")4(|\/|(i"OH)z('[BUPO?,)lo(F’iC)4]0‘5Jr (6, Pic = 4-

picoline),?

[(Mn"osMn" 5)Mn'"12Ca'"5 (114-0)6(1s-0)2(-OMe)s(MeOH)s(tBuPO3) 10(Piv)2(Ph2PO2)2] (7,
Piv = pivalate, Ph2PO; = diphenylphosphinate),

[Mn"13M0"'20(u-O)2(15-0)a(u-O)a(-OH)(tBUPOz)1o(Py)a] (8, Py = pyridine) and

[(Mn"'.5Mn'"'o 5)Mn'"12(14-0)6(1-OH)2(-OMe)a(MeOH)(tBUPO3)10(TDP)]S* (9, TDP =
4.4’-trimethylenedipyridine).?®

6 — 9 (Fig. 3.2a — d) were selected to use in OER screening experiments as they share several
structural attributes with literature-known synthetic WOCs, and with the OEC of PS 11.247
Samples of 6 — 9 were prepared in high-yielding, reproducible reactions, and their catalytic
properties were thus far undiscovered. The heterometallic clusters 7 and 8 are analogues of the
homometallic Mn-oxo cluster 6, whereas 9 is a cluster-based coordination polymer which is
derived from 6.

The core structure of 6 comprises a three-layered distorted cuboctahedral topology featuring a
central, octahedrally coordinated Mn" or Mn'"" ion (1:1 ratio in the crystal structure) which is
linked to six adjacent Mn'!" ions via six u4-0x0 ligands. The middle layer of 6 is a hexagonal
“brucite”-type heptanuclear subunit that is connected to two triangular, outer layers through
eight us-phosphonate, six us-0xo and four u-methoxy ligands. The outermost layers of 6 are
each composed of a dinuclear {Mn'"'-O-Mn""} subunit which is coordinated by two terminal
picoline (Pic) ligands located at two Mn'" Jahn-Teller elongated binding sites, and a single
tetragonally distorted Jahn-Teller Mn"" centre bound by a terminal labile MeOH ligand.

The heterometallic clusters 7 and 8 bear analogous core structures to 6. However, the outer
trinuclear layers of 7 are each capped by an octacoordinated Ca' centre which connects through
two us-1%:n*-phosphonate ligands, one uo-»* 5 -diphenylphosphine ligand and a x3-oxo ligand.
In 8, the two outer isolated Mn"" ions are substituted by molybdate moieties. As a result of this,
7 and 8 each feature two fewer Mn'"' Jahn-Teller distorted sites which are occupied by terminal

labile ligands relative to 6.
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Figure 3.2: (a — d) Crystal structures (ball-and-stick representations) of four structurally related Mn-oxo compounds with

brucite-type {Mn7} core topologies: (a) 6, (b) 7, (c) 8 and (d) 9. Hydrogen atoms and constitutional solvent molecules have
been omitted for clarity. Colour scheme: C white, O red, N blue, Mo lime, P yellow, Mn" pale pink, Mn"!' magenta (Contd.)
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Ca' navy. (e) Kinetic monitoring (Clark electrode) of the photocatalytic OER response of 6 (red), 7 (blue), 8 (green) and
9 (orange) from H20 oxidation screening tests in the presence of a SEA and PS. The O evolution response of a control
experiment in which the SEA and PS were irradiated without a WOC is also plotted for comparison (black). Conditions
for Oz evolution experiments: Homogeneous WOC loading (6 — 9), 1.2 uM; heterogeneous WOC loading (9), 30 nm in
phosphate-buffered aqueous solutions (5 mL 0.01 M, initial pH = 7) containing Na:S20s SEA (10 mM) and
[Ru(bpy)2(deeb)](PFs)2 PS (2 mg, 2.33 umol). LED lamp (A =470, 10 mW cm2). A constant stirring rate and temperature

of 500 rpm and 25 °C, respectively, were maintained throughout each experiment.

The coordination polymer 9 is generated by substituting the four terminal Pic ligands of 6 with
ditopic 4,4 -trimethylenedipyridine (TDP) ligands. 9 comprises {Mn13} SBUs with virtually
identical geometric parameters to 6 that are doubly bridged by x-TDP linkers. The packing of
9 in the solid state gives rise to large solvent-filled channels with pore openings of ca. 10 x 12
A. The inner surfaces of these cavities are decorated with two labile MeOH ligands at Mn""
Jahn-Teller sites per {Mn13} unit, and the solvent-accessible volume of 9 after removal of guest

solvent molecules is ca. 38%.%®

Several structural attributes of 6 — 9 make them attractive materials to test for H,O oxidation
activity. For example, all four compounds are high-nuclearity molecules with many Mn'"
centres, and ‘brucite’-type cores resembling the structures of previously published phosphate-
stabilised OER catalysts.*>*° Further, the presence of kinetically labile, monodentate ligands
bound to tetragonally elongated Mn'!"" Jahn-Teller sites at the peripheries of 6 — 9 is a promising
property, as participation in ligand-exchange reactions by these moieties with H2O substrate
molecules could precede OER catalytic transformations. Additionally, the presence of Ca'' ions
in 7 make this structure an intriguing synthetic model for the {Mn4CaOs} cluster of PS II.
Finally, although 6, 7 and 8 are homogeneous under aqueous conditions, the heterogeneous

nature of 9 under these conditions could confer advantages as a H2O splitting catalyst.®

The OER activities of 6 — 9 were screened in the same manner as 3 — 5, according to adapted
literature procedures.*>462¢ |rradiation (LED lamp, A =470 nm) of anoxic, aqueous phosphate-
buffered solutions containing 6, 7, 8 or 9 and Na2S20g and [Ru(bpy)2(deeb)](PFs)2 induced O
evolution, whereby the measured dioxygen concentration in solution continuously increased
for either ca. 120 (6, 7 and 8) or 60 seconds (9). The Oz evolution profiles of 6 (red), 7 (blue),
8 (green), 9 (orange) and no catalyst (black) are plotted in Fig. 3.2e.

In these experiments, irradiation of each of the compounds 6 — 9 resulted in the production of

several times more O, than was produced in a control experiment without a catalyst. This
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suggests that all four compounds either exhibit catalytic OER activity or are precatalysts for
other OER active materials. The largest quantity of O2 (117 nmol) was liberated using 6, which
also displayed the highest TON = 19.5 and TOF = 0.48 s! of the compounds tested. The
heterometallic clusters 7 and 8 evolved comparatively less O, than their homometallic analogue
6: 7 and 8 evolved 65.0 and 84.5 nmol of O, respectively. The heterogeneous coordination
polymer 9 generated the smallest quantity of Oz (37.5 nmol). The TONs, TOFs and O yields
calculated from these screening experiments are shown in Table 3.1.

The magnitude of the OER activity manifested by 6 — 9 appears to be associated with the
number of H.O substrate-accessible Mn'" Jahn-Teller distorted sites on each cluster. The
highest activity was demonstrated using 6 which contains six such sites, whereas equimolar
amounts of 7 and 8 which each feature four of these sites evolved comparatively less O,. 7
displayed greater OER activity than 8, which may be due to steric shielding of the active sites
of 8 by proximal capping Ca'' ions and hydrophobic Piv ligands. 9 exhibited the lowest turnover
characteristics of 6 — 9 and also contains the fewest kinetically labile ligands located at
Jahn-Teller sites. The slow kinetics of OER catalysis by this polymer may otherwise be
attributed to its heterogeneity, as only the active sites located at the surface of 9 are accessible

by H.O substrate molecules.
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3.2.3 Supertetrahedral Nonadecanuclear Mn-Oxo Coordination Clusters

Two final Mn-oxo clusters featuring {Mnio} and {Mn1sSr} core structures constructed from
redox-active, tridentate 2,6-bis(hydroxymethyl)-p-cresol (HzL2) ligands which are formulated

as:
[MnII|12|V|nHGSI'“(IJ4'O)8(U3'CI)8(H L2)12(|\/|€‘C|\|)6]2+ (10) and
[Mn”'12Mn"7(m-0)8(ﬂ3'OCH3)2(ﬂ3‘Br)G(H L2)12(M€OH)5(MGCN)]2+ (11)

were assessed as light-induced OER catalysts (Fig. 3.3a & b). The mixed-valent complexes 10
and 11 are structural variants of a nonadecanuclear Mn-oxo aggregate which was initially
investigated by Powell et al., due to its unprecedented ground spin state of S = 83/2.%° The
transition metal ions of 10 and 11 are organised to form high-nuclearity supertetrahedral
structures with several substrate-accessible sites, and significant similarities to the {MnsCaOs}
cluster of the OEC (see Fig. 3.4). Additionally, the insolubility of these clusters in aqueous
solutions and their facile preparation from inexpensive and environmentally benign starting
materials make them attractive candidates for H-O oxidation catalysis. The presence of Sr'! in
10 is also intriguing, as this is the only metal known which can replace Ca' in the OEC without
rendering the cluster catalytically inactive.>

Despite these promising properties, 10 and 11 have not been studied as WOCs. However, in a
recent study by Mameri et al., two Mn-oxo complexes bearing analogous {MnigSr} and
{Mny9} core structures to 10 and 11 were successfully employed in the electrocatalytic
oxidation of benzyl alcohol into benzaldehyde using O2 as an oxidant and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) as a co-catalyst.3! This result suggests that aggregates with
{MnsSr} and {Mn1o} cluster cores are competent catalysts for oxidative transformations,
further indicating that 10 and 11 are rational choices to screen for OER activity.

The heterogeneous photocatalytic H,O oxidation activities of 10 and 11 were probed in an
analogous manner to 3 — 9, using aqueous phosphate-buffered working conditions at pH = 7,
Na>S20g as SEA and [Ru(bpy)2(deeb)](PFs)2 as PS. The kinetics of O, evolution (monitored
using a Clark electrode) by 10 and 11 are displayed in Fig. 3.3c. Under photocatalytic
conditions, both 10 and 11 evolved significantly more O2 than a control experiment without
catalyst, indicating that both of these compounds are highly active catalysts towards the OER.
Employing 5 nmol loadings of 10 and 11 liberated 103 and 129 nmol O, respectively, with
corresponding TONs of 20.5 for 10 and 25.8 for 11. Very high TOFs of 0.56 and 0.57 s™* were
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achieved using 10 and 11, respectively. The turnover characteristics revealed by 10 and 11 in
these catalytic experiments are listed in Table 3.1.
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Figure 3.3: (a & b) Crystal structures (ball-and-stick representations) of two nonadecanuclear Mn-oxo clusters screened
for light-driven OER catalytic activity: (a) 10 and (b) 11. Hydrogen atoms and solvent of crystallisation have been omitted
for clarity. Colour scheme: C white, O red, N blue, Cl green, Br brown, Mn'" pale pink, Mn'" pink, Sr crimson. (c) Kinetic
monitoring (Clark electrode) of the light-driven Oz evolution response of 10 (blue) and 11 (red). For comparison, the O2
evolution response of a control experiment without a catalyst is also shown (black). Conditions: 5 nm WOC loading in a
phosphate-buffered aqueous solution (5 mL 0.01 M, initial pH = 7) containing Na:S:0s SEA (10 mM) and
[Ru(bpy)2(deeb)]1(PFe)2 PS (2 mg, 2.33 umol). Trradiated using an LED lamp (A = 470, 10 mW cm™2). The photocatalytic
mixture was stirred at a constant rate of 500 rpm and maintained at 25 °C by immersing the reaction vessel in a water bath.
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The exceptional OER activities observed using 10 and 11 could stem from several shared
structural features. For example, both compounds comprise high-nuclearity cluster cores,
allowing the four electrons which must be abstracted from H>O to promote O> evolution to be
distributed between either eighteen or nineteen redox-active Mn centres in 10 or 11,
respectively. This difference could underlie the marginally superior O2 evolution activity

displayed by 11 in comparison to 10. In addition, each cluster contains twelve Mn""!

centres,
which are integral to catalytic H-O oxidation in many WOCs including the OEC of PS 11,5253
Furthermore, the geometric configurations of the Mn-oxo clusters 10 and 11 resemble the OEC:
Two pseudocubane motifs appended by ‘dangling” Mn'' centres which are coordinated by
terminal, labile solvent molecules constitute a total of six substrate-accessible active sites per
cluster of 10 and 11. Finally, the presence of redox-active O-donor ligands which stabilise the
cores structures of 10 and 11 represents an additional parallel between these clusters and the
OEC.% The relevance of these features for H.O oxidation catalysis are examined in greater

detail in Section 3.3.
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3.2.4 Relative Photocatalytic OER Activities of 3 - 11

The turnover characteristics of the Mn-oxo compounds which revealed photocatalytic H.O
oxidation activity (3 —11) are detailed in Table 3.1.

Table 3.1 — Results of light-driven H20 oxidation catalysis screening experiments using
the Mn-oxo compounds 3 — 11 in the presence of [Ru(bpy)2(deeb)](PFs)2 and Na2S20s.

Oz Evolved TOF O2 Yield
Catalyst TON
(nmol) (s (%)
3
88.5 14.8 0.36 0.35
(6 nmol)
4
105 17.5 0.46 0.42
(6 nmol)
5
108 18.0 0.48 0.43
(6 nmol)
6
117 19.5 0.48 0.47
(6 nmol)
7
65.0 10.8 0.36 0.26
(6 nmol)
8
84.5 14.1 0.37 0.34
(6 nmol)
9
37.5 1.25 0.06 0.15
(30 nmol)
10
103 20.5 0.56 0.41
(5 nmol)
11
129* 25.8* 0.57* 0.52*
(5 nmol)

*Denotes the highest activity in terms of TON, TOF or O yield of the Mn-oxo clusters 3 — 11.
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The CI™-Stabilised Mn-oxo clusters 3 — 5 are good candidates to use in further OER catalytic
studies on account of their facile synthesis and apparent favourable turnover characteristics (in
particular 4 and 5). However, as 3 — 5 are homogeneous under aqueous conditions they may
display poor stability, and they are less easily recovered and recycled.? A number of other
materials were also screened for catalytic H.O oxidation activity to identify a structure
displaying superior OER characteristics or heterogeneity for use in a more detailed H.O
oxidation catalysis study. Because of this, no further Oz evolution experiments were carried
out using 3 —5.

The screened Mn-oxo structures 6 — 9 also evidenced OER activity. A comparison of their
relative activities highlights the tridecanuclear cluster 6 as a particularly promising
homogeneous H>O oxidation catalyst due to its high activity and apparent robustness relative
to 7 — 9 and other literature-known WOCs.**% After examining the Mn-oxo compounds 3 — 9
for OER activity, a correlation between favourable catalytic performance and high-nuclearity
structures with several substrate-accessible sites became apparent. Therefore, two final
nonadecanuclear Mn-oxo clusters with multiple substrate-accessible sites (10 and 11) were

investigated for heterogeneous OER activity.

Comparison of the relative catalytic activities of 1 — 11 reveals that the turnover characteristics
of 10 and 11 represent the highest OER catalytic activities of all of the Mn-oxo materials tested
for catalytic H2O oxidation. Moreover, Table 3.1 reveals that the O2 evolution activity of 11
surpasses that of 3—10 in terms of TON, TOF and O yield. In addition, due to the insolubility
of this complex under aqueous conditions, the determined turnover characteristics do not

represent the full catalytic potential of the material.

Considering the highly encouraging OER properties displayed by 11, its insolubility in agueous
solutions at room temperature and its facile preparation from environmentally benign and
cheap starting materials, 11 is an excellent candidate to employ in H2O oxidation studies.
Accordingly, the synthesis of 11 was reproduced and the product was characterised to afford
an adequate quantity of phase-pure catalytic material for use in O2 evolution experiments. This
resulted in the discovery of a novel polymorph bearing a well-established cluster core. In the
next section, the synthesis, characterisation and structural properties of 11 are detailed.
Following on from this, a more detailed catalytic H.O oxidation investigation using 11 as a
WOC is outlined.
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3.3 OER Catalytic Properties of [Mn"12Mn'7(ua-O)s(u3-OCH3)2(us-
Br)s(HL2)12(MeOH)s(MeCN)]Br29MeCN-MeOH (11)

In the previous section, an evaluation of the Mn-oxo compounds 3 — 11 highlighted several
promising candidates for H.O oxidation catalysis. This initial investigation indicated that 11
exhibits exceptional OER activity, exceeding that of 3 — 10, and potentially outperforming
many state-of-the-art literature-known transition metal-based WOCs.2%%6:57:58

In this section, the synthesis and characterisation of 11 are outlined, prior to an in-depth
examination of the cluster’s OER properties. Catalytic experiments were carried out with three
principal objectives: to optimise the H.O oxidation activity of 11, to quantitatively characterise

the O2 evolution behaviour of 11 and to identify the true WOC in this investigation.

3.3.1 Synthesis of [MnM12Mn"7(s-O)s(us-OCHs)2(s-
Br)s(HL2)12(MeOH)s(MeCN)]Br2:9MeCN-MeOH (11)

[Mn'"'1,Mn"7(us-0)s(Us-OCHs)2(Us-Br)s(HL2)12(MeOH)s(MeCN)]Br-9MeCN-MeOH  (11)
was prepared in a reproducible reaction, according to an adaptation of the general literature
method for synthesising complexes with supertetrahedral {Mn1o} core structures.>*€%5! For this
purpose, 2,6-bis(hydroxymethyl)-p-cresol (HsL2) was refluxed with MnBrz-4H.O and
trimethylamine in a mixture of acetonitrile and methanol for two hours. This reaction mixture
was then slowly cooled to ambient temperature before filtering twice and leaving to crystallise
by slow evaporation. After several days, uniform needle-shaped, deep red crystals of 11 had
formed in the filtrate which were suitable for analysis using single crystal X-ray diffraction in
moderate yield (23 %). Prior to catalytic experiments, the mother liquor was decanted, and
individual crystals were manually selected and carefully washed with water. These crystals

were subsequently dried in air and ground into a fine powder using a mortar and pestle.

3.3.2 Crystal Structure of [Mn" M7 (s-O)s(U3-OCH3)2(Us-
Br)s(HL2)12(MeOH)s(MeCN)]Br2-9MeCN-MeOH (11)

The crystal structure of [Mn'"'12Mn'"7(1s-0)s(ps-OCHs)2(Us-Br)s(HL 2)12(MeOH)s(MeCN)]Br
‘OMeCN-MeOH (11) was solved in the monoclinic space group P2i/n. X-ray diffraction
analysis revealed that 11 is a novel polymorph of a previously reported nonadecanuclear
molecular {Mn1o} species which can be regarded as a dimer of two supertetrahedral
{Mn""'sMn';} units that share a central Mn'" vertex. A wire-frame representation of 11 and

polyhedral representations of its cluster core are presented in Fig. 3.4.
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(b) (©)

Figure 3.4: Single crystal X-ray structure of 11. (a) Wire-frame representation of the nonadecanuclear cluster 11
comprising two {Mn'""'sMn''s} supertetrahedra which share a common Mn" vertex and are surrounded by twelve stabilising
triply-bridging (HL2)?>" ligand derivatives. (b & c) Polyhedral representations of the core of 11, viewed in the direction of
the crystallographic: (b) c-axis and (c) b-axis. Hydrogen atoms and non-coordinated solvent molecules have been omitted
for clarity. Colour scheme: C white, O red, N blue, Br brown, Mn'" pale pink, Mn"' pink. Mn centres are depicted as blue

polyhedra in ball-and-stick representations (b & c).
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The Mn-oxo cluster 11 comprises two {Mn"'sMn''s} units which share a common vertex. The
{Mn"sMn";} unit is composed of a central {Mn''s} assembly with octahedral atom
arrangement. Four of the eight triangular faces of this octahedron are stabilised by ps-Br~ or
H3-OCHs ligands, whilst the remaining faces are capped by ps-O? oxo ligands that connect
the inner {Mn""'s} unit to four outer Mn'"" ions which adopt a tetranedral {Mn'"s} topology. In
contrast to the central 6-coordinate Mn'" ion that connects the two {Mn'"'sMn's}
supertetrahedra, each of the peripheral 7-coordinate Mn'" ions is coordinated by a MeOH or
MeCN solvent molecule. The {Mn1o} cation is stabilised by 12 partially deprotonated organic
(HL2)?" ligand derivatives, whereby one methyl alcohol moiety remains protonated whilst the
other methyl alcohol and the phenolic hydroxyl functional groups are deprotonated. The
constitutional formula and the assignment of the oxidation states of 11 is unambiguous and in
agreement with BVS analyses, observed geometrical parameters and charge balance

considerations.

Structurally, 11 is similar to several previously reported supertetrahedral clusters comprising
{Mn1o} cores. 309626364 However, 11 differs from these clusters in terms of its ps-face-capping
and terminal ligands. A complex which closely resembles 11 is the species [Mn"'12Mn"!7(ps-
0)s(U3-OCHs3)2(us-Br)s(HL2)12(MeOH)s]Br2 which was very recently used by Mameri et al.
to catalytically oxidise benzyl alcohol.®! Both of these compounds comprise essentially
identical core structures, however, 11 features five MeOH and one MeCN terminal ligands
whilst the terminal ligands of the literature-known {Mnio} aggregate are exclusively

methanolic.

Closer inspection of the supertetrahedral {Mn'"'sMn';} unit (Fig. 3.5), which constitutes half
of the cluster core of 11 reveals several key features which are likely to contribute towards its
high H.0 oxidation activity. For example, the presence of three outer Mn"' centres which are
coordinated by terminal labile MeOH or MeCN molecules (circled in orange in Fig. 3.5) allow
direct coordination of several H>O substrate moieties to a redox-active polynuclear cluster core.
Furthermore, the exchange of these labile solvent molecules for H>O can form up to six {Mn-
O-Mn-OH.} motifs in 11. This is significant as has been proposed that the {Mn-O-Mn-OH.}
unit plays a critical role in OER catalysis by the {MnsCaOs} OEC and several synthetic Mn-
based bioinspired WOCs.2*>%%° These motifs could function as active centres for OER catalysis
in 11 by facilitating Oz formation via a coupling reaction between a Mn'Y — O and a p-oxo

species according to an 12M pathway.®® One of the locations on the supertetrahedral {Mn"'sMn'',}
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unit where a {Mn-O-Mn-OH>} motif may arise following solvent exchange is highlighted in blue

in Fig. 3.5, and represents one probable active site for H,O oxidation catalysis by 11.

(b)

Figure 3.5: Ball-and-stick representation of the {Mn''sMn''s} supertetrahedral unit of 11 viewed in the direction of the
crystallographic (a) b-axis and (b) a-axis. Organic ligand derivatives and constitutional solvent molecules have been
omitted for clarity. Labile terminal solvent molecules which bind to Mn" centres are circled in orange, and a representative
{Mn-O-Mn-O} moiety is highlighted in blue. Colour scheme: C white, O red, Br brown, Mn'" pale pink, Mn"" pink.

It has been demonstrated that non-innocent ligands coordinated to redox-active metal centres
can constructively modulate the catalytic activity of a complex by storing redox equivalents
during H20 oxidation.®’ In particular, aromatic ligands bearing electron donating substituents
have been shown to augment the OER activity of a WOC.¥” As the redox-active ligand
derivative (HL2)? which stabilises the core of 11 features these attributes, it is likely that these
moieties contribute to the cluster’s catalytic activity. Moreover, a number of metal-free organic
catalysts have recently been explored as H2O oxidation catalysts.?¢%° Among these, aromatic
molecules bearing oxygen-containing functional groups such as C = O and C — OH have
demonstrated good activity, although the mechanism of OER catalysis by these structures are
not well understood.” It is therefore likely that the ligand derivative (HL2)?>" synergistically
enhances the O evolution activity of 11, either by storing redox equivalents thus preventing

the formation of high energy states or by acting as direct catalysts for H,O oxidation.
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Several similarities can be drawn between 11 and the OEC of PS Il (highlighted in Fig. 3.6).
In the natural H2O oxidation catalyst, a redox-active tyrosine (Y2) residue is closely associated
(<5 A) with the {Mn4CaOs} cluster has a critical function in O, formation.”* This amino acid
transfers electrons garnered from H20 oxidation by the {Mn4CaOs} cluster to the chlorophyll
special pair (Psso™), thus regenerating the ground state of the primary electron donor of PS Il
through rapid electron injection.’ It is interesting to note that the 4-methylene phenol residue
of Y, closely resembles the (HL2)?" ligand derivatives which stabilise the Mn-oxo core of 11
(Fig. 3.6a). Therefore, the oxidizable p-cresol ligand (HL2)?" of 11 may functionally mimic Y-
in the OEC by tuning the conductivity of the {Mn1g} cluster.”

In addition, the core topology of 11 bears resemblance to the {MnsCaOs} cluster which
oxidises H20 in Nature. Each supertetrahedral {Mn''sMn';} unit of 11 comprises a
pseudocubane motif (highlighted in Fig. 3.6b). These cubane-type arrangements are fused by
a central Mn'"" centre and, analogously to the OEC, feature partially-solvated ‘dangling” Mn"
ions which could serve as catalytically active sites for H>O oxidation by 11. For comparison,
the crystal structure of the {Mn4CaOs} cluster of the OEC is shown in Fig. 3.6c.
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HO
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Figure 3.6: (a) Comparison of the structures of the redox-active p-cresol ligand HsL2 which stabilises the cluster core of
11, and the Yz amino acid which oxidises the {Mn4CaOs} cluster of the OEC in PS Il. Structural similarities are highlighted
green. (b) Ball-and-stick representation highlighting the cubane-type arrangement within the supertetrahedral
{Mn"'sMn''4} unit of 11, viewed in the direction of the crystallographic b-axis. This is compared with (c) the crystal
structure of the OEC, reproduced from Ref. 7. Colour scheme: C white, O red, Mn'" pale pink, Mn"" pink, Ca yellow.
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The packing of 11 in the crystal structure is displayed in Fig. 3.7. In the solid state, small
intercluster channels form which extend in the direction of the crystallographic a-axis. These

channels are occupied by constitutional MeOH and MeCN solvent molecules.
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Figure 3.7: Ball-and-stick representation of the packing arrangement of 11 in the crystal structure, viewed in the direction
of the crystallographic (a) a-axis and (b) c-axis. Crystallisation solvent molecules, Br~ counterions and hydrogen atoms
have been omitted for clarity. Colour scheme: C white, O red, N blue, Cl green, Br brown, Mn'! pale pink, Mn'"! pink.
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3.3.3 Physicochemical Characterisation of 11
Infrared Spectroscopy

The Mn-oxo cluster 11 was characterised using infrared (IR) spectroscopy. The resulting
spectrum is presented in Fig. 3.8 and reveals a number of characteristic signals. Firstly, a very
broad band above 3000 cm ™ can be attributed to O — H stretching vibrations of the cresol ligand
derivative (HL2)?>~ and constitutional solvent molecules which participate in hydrogen bonds.
Several signals centred around 3000 cm™ can be assigned to aromatic C — H stretching
vibrations of the ligand derivative (HL2)>". Two bands at 1609 and 1468 cm™* can be attributed
to C — C stretching vibrations within the aromatic component of (HL2)?>". A strong signal
centred around 1250 cm™ may be attributed to C — O stretching vibrations of the alcohol or
phenol functionalities of (HL2)?". Several bands in the region 750 — 900 cm™ could arise due
to out-of-plane C — H bending vibrations from the aromatic ligands. Finally, signals between
470 — 640 cm™! may arise due to Mn — O stretching and bending vibrations.”
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Figure 3.8: FT-IR spectrum of 11.
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Thermogravimetric Analysis

The thermal stability of 11 was assessed using thermogravimetric analysis (TGA) by heating a
crystalline sample of 11 between 30 — 800 °C under a constant stream of N2. The resulting
TGA trace (Fig. 3.9) reveals that the decomposition of 11 occurs in several stages. The first
stage, which occurs as the sample is heated from 30 to 100 °C can be associated with the loss
of the constitutional solvent molecules of 11. The second decomposition stage occurs as the
sample is heated from 100 to 280 °C and can be associated with loss of the coordinated solvent
molecules of 11. Two final decomposition steps are observed between 280 to 470 °C and from
470 °C onwards, which can be attributed to decomposition of the p-cresol ligands of 11 and
the formation of metal oxides, respectively.
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Figure 3.9: TGA trace for 11.
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Powder X-Ray Diffraction Analysis

Powder X-ray diffraction (PXRD) analysis was employed to determine the phase-purity of 11.
A finely ground sample of 11 was sealed in a glass capillary tube under solvent, before
mounting the capillary on a goniometer head and recording the PXRD pattern. The measured
PXRD pattern (black) is compared with a simulated powder pattern which was calculated from
the single crystal X-ray diffraction data of 11 (red) in Fig. 3.10. The experimental and simulated
spectra agree reasonably well, indicating bulk purity of the sample. However, the fine structure
is not completely resolved in the experimental spectrum which is attributed to preferred
orientation effects in the powdered sample and to the use of single crystals for data collection.
To guarantee phase-purity of the material used in catalytic experiments, large single crystals of

11 were manually selected, washed with distilled H2O before grinding into a powder prior to

their use.
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Figure 3.10: Powder X-ray diffraction analysis comparing the measured spectrum of 11 (black) with the simulated pattern

(red) calculated from the single crystal X-ray diffraction data of 11.
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Dynamic Light Scattering

The hydrophobic (HL2)? ligand derivatives of 11 provide a dielectric environment, preventing
dissolution of the Mn-oxo cluster in agqueous solutions at ambient temperatures. This is
advantageous for H>O oxidation catalysis as it facilitates a more facile recovery of the catalytic
material by filtration. To confirm this, the particle size distribution of 11 in Millipore water
was measured using dynamic light scattering (DLS) at room temperature. The resulting DLS
data is presented in Fig. 3.11 and reveals that the average particle size within the measured
suspension is ca. 310 nm. This analysis substantiates that 11 is insoluble under the aqueous

conditions applied in H>O oxidation experiments.
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Figure 3.11: Number-weighted dynamic light scattering (DLS) measurement of a suspension of 11 (1 mg) in Millipore

water (2 mL) which indicated that the mean particle diameter is 310 nm.
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Mass Spectrometry

Positive-mode MALDI-TOF mass spectrometry was used to determine the hydrolytic stability
of 11 under the aqueous conditions commonly employed in OER catalysis. To this end, 11 was
suspended in an aqueous phosphate-buffered solution before the cluster was dissolved by
adding N,N-dimethylformamide (DMF) to the suspension. The mass spectrum of the resulting
mixture is presented in Fig 3.12. The detection of signals at m/z = 1874.075, 1897.498 and
1921.049 a.m.u. indicates that the supertetrahedral core of 11 retains its structural integrity in
solution, whereby various numbers of coordinating solvents interact with the molecular

species. The proposed assignments for each of these signals are given in Table 3.2.

Mn" 5 Mn";(u1-0)g(113-OCH3 ), (13-Br)g(HLA ) 5(H,0)5)**

MA" Mn"(41,-0)4(113-OCH; ), (115-Br)g(HL1), ,(CH,CN)** Mn" Mn'" (1,-0)g(113-OCH;), (115-Br)g(HL1), ,(CHOH), (H,0) 1**

allﬁﬂM I)\Mﬂi i ﬂll;.Ml:hl L
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m/z

Figure 3.12: Positive-mode MALDI-TOF mass spectrum of 11 in a mixture of aqueous phosphate buffer and DMF.

Table 3.2: Proposed assignments of observed signals in MALDI-TOF MS analysis.

m/z m/z

Species

(Calcd.) (Found)
[Mn'"'12Mn'"7(1s-0)s(Hs-OCHs)2(Hs-Br)s(HL 2)12(CHsCN)]>* 1874.054 1874.075
[Mn"'1,Mn'"7(s-0)s(s-OCHs)2(Hs-Br)s(HL 2)12(H20)s]* 1897.568 1897.509

[MN""12Mn'"7(14-0)s(La-OCH3)a(1s-Br)s(HL2)12(CH3OH)a(H20)a]>  1921.086 1921.049
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3.4 Photocatalytic H2O Oxidation Properties of 11

The highly encouraging O2 evolution behaviour of 11 signified in a preliminary photocatalytic
test described in Section 3.2, and the Mn-oxo cluster’s various structural attributes (discussed
in Section 3.3) which are indicative of its suitability as a WOC prompted further investigation
into this compound’s catalytic properties. To this end, the heterogenous H,O oxidation activity
of 11 was assessed under photocatalytic conditions using a range of catalyst loadings.
Following this, recycling tests were conducted to establish whether the catalyst 11 maintains
O2 evolution activity for extended periods of time. In an attempt to replicate the mild aqueous
operating conditions of PS 11, OER experiments were conducted in aqueous phosphate buffer
at pH 7.0.
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Catalyst Loading Experiments

The light-induced OER activity of 11 at a range of catalyst loadings (1.25 nmol — 10.00 nmol)
was established in a series of heterogeneous photochemical tests. The WOC was evaluated in
the presence of a three-component photocatalytic system using the same method applied to
determine catalytic H,O oxidation activity described in Section 3.2.7® The kinetics of O
evolution using various loadings of 11 are displayed in Fig. 3.13. Upon irradiation using an
LED lamp (A = 470 nm, 10 mW cm™2), nanomolar loadings of 11 gave rise to a high activity
whereby the dissolved O, concentration continuously rose for ca. 120 seconds before reaching
a plateau. Net Oz production increased with catalyst loading following pseudo first-order
kinetics: Maximum O liberation of 157 nmol was attained using 10.00 nmol 11, with a
corresponding TON = 15.7. This represents an activity which surpasses many cutting edge
catalysts based on non-noble metals.?4%°
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Figure 3.13: Oz evolution profiles (recorded using a Clark Oz sensor) of various loadings of 11 upon irradiation (LED,
A =470, 10 mW cm™2) in the presence of a SEA and a PS. Sample dispersed in aqueous phosphate buffer (5 mL, 0.01 M,
initial pH = 7.0) containing Na2S20s (10 mM) and [Ru(bpy)2(deeb)](PFs)2 (2 mg, 2.33 umol). The reaction mixture was
stirred at a constant rate of 500 rpm and maintained at 25 °C by immersing the reaction vessel in a water bath.

136



Chapter 3 — Bioinspired Mn-Oxo Clusters for H,O Oxidation

Reducing the loading of 11 below 10.00 nmol coincided with improved turnover
characteristics. For example, a very high TON = 40 was achieved using a catalyst loading of
1.25 nmol. This inverse relationship between catalyst loading and activity is frequently
observed in H20 oxidation catalysis studies.”” The highest TOF = 0.71 s was observed at a
catalyst loading of 2.50 nmol. This TOF is several times higher than the TOFs of any previously
reported MnOxy species, and higher than any other heterogeneously operating molecular Mn
coordination cluster at neutral pH conditions;?"8 hence these data corroborate the results of
the preliminary screening studies and implicate 11 as a genuine OER catalyst. The TONs, TOFs

and O yields of 11 at various catalyst loadings are detailed in Table 3.3.

Table 3.3: Comparison of the TON, TOF and % oxygen conversion for light-induced OER
catalysis experiments. Data were obtained at various loadings of 11.

Catalyst

) O:2 Evolved TOF O2 Yield
Loading TON
(nmol) (s (%)
(nmol)

1.25 50.0 40.0 0.48 0.20
2.50 91.3 36.5 0.72 0.37
3.75 113 30.0 0.64 0.45
5.00 129 25.8 0.53 0.51
10.0 157 15.7 0.33 0.63

Despite the very high activity displayed by 11, it is worth noting that the determined TONs and
TOFs do not fully represent this cluster’s activity. Considering that the complex is insoluble in
aqueous systems, only a small proportion of its Mn sites are readily available to promote H.O
oxidation catalysis. Therefore, the TONs and TOFs presented in Table 3.3 are underestimated,
and higher values would be expected using soluble derivatives of 11 in molecular solutions in

which all of the catalytically active metallic centres are readily accessible by H>O molecules.
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The photocatalytic experiments described above reveal that 11 exhibits the highest OER
activity under neutral pH conditions of any known molecular bio-inspired Mn system.?7%° The
exceptional turnover characteristics of 11 most likely derive from its structural attributes, in
which six partially-solvated, ‘dangling” Mn'" ions attached to cubane-type assemblies allow
H-0 substrate binding, and in which closely-located z-o0xo-bridged Mn centres provide direct
electronic pathways to distribute oxidation equivalents. Further, the electronic features of the
p-cresol (HL2)* ligand derivatives are expected to aid the abstraction of electrons from H,0
similarly to Y in the OEC, thus leading to enhanced catalytic activity.®° Importantly, the OER
characteristics of 11 are displayed under neutral pH conditions, which is advantageous for the
development of photoanodes which operate using mild, environmentally-friendly electrolytes

within artificial photosynthetic cells.®!
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Recycling Experiments

To ascertain if 11 maintains catalytic activity following light-driven H2O oxidation, a series of
recycling experiments were carried out according to a known literature procedure.®? Following
the cessation of O, evolution by 11 under photocatalytic conditions, fresh quantities of PS and
SEA were added to the reaction vessel and the photocatalytic experiment was repeated until no
significant Oz evolution was observed. The kinetics of Oz evolution from four catalytic tests
using the same sample of 11 as WOC are plotted in Fig. 3.14. This experiment reveals that 11
is recyclable, evolving O over three sequential catalytic tests. However, with each consecutive
run, the quantity of O, evolved decreased by ca. 20% of the amount of O evolved in the first
test. Following the fourth run, the quantity of O, evolved using 11 was comparable that evolved
by a SEA and PS alone, indicating that after this point the catalyst had fully decomposed into
OER inactive species. The calculated TON achieved by 11 over three consecutive runs was 86,

which is several times higher than the TON of any previously reported Mn-oxo cluster.?42543
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Figure 3.14: Kinetics of light-driven dioxygen formation during four recycling tests using 11. Prior to each catalytic run,

2 mg [Ru(bpy)2(deeb)](PFs)2, and 11.9 mg Na2S20s were added to the reaction vial. Conditions: 2.5 nmol WOC loading

in 5 mL 0.01 M phosphate buffer (starting pH = 7), LED lamp (A = 470, 10 mW ¢m?), constant temperature of 25 °C and

stirring rate of 500 rpm maintained throughout each catalytic run.
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Additional Light-Driven H20 Oxidation Experiments

To confirm that the O2 evolved using 11 in photocatalytic experiments stems from catalytic
H-O oxidation activity of the cluster, equivalent quantities of 11 and its constituent components
MnBr2-4H,0 and HizL2 were measured under identical conditions. The Oz evolution profiles
from these tests are plotted in Fig. 3.15 and reveal that the O yield using 11 was ca. threefold
that of nineteen molar equivalents MnBr2-4H20, and over seven times the O yield of twelve
molar equivalents of HsL2. This experiment demonstrates that the activity attributed to 11 does
not stem from either in-situ generated MnOy under the working conditions or from the ligand
HsL2. Furthermore, the result supports the assertion the excellent catalytic performance
observed using 11 arises due to a synergistic effect between its polynuclear Mn-oxo core which
contains pseudocubane motifs and the redox-active p-cresol (HL2)?" ligand derivatives which

stabilise the cluster.
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Figure 3.15: Comparison of the Oz evolution response of equivalent quantities of 11 (red) and its constituent components:
MnBrz-4H20 (pink) and HsL2 (brown). This experiment indicates that the observed H20 oxidation catalytic activity must

arise from 11, as high excesses of MnBr2-4H20 or HsL.2 are required to evolve comparable amounts of dioxygen.
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Photosensitiser Comparison

Two literature-established Ru-based PS’s ([Ru(bpy)s:]Cl> and [Ru(bpy)2(deeb)](PFe)2) were
employed in light-driven O, experiments using 11.°>® In Fig. 3.16, the kinetics of O, evolution
of 11 under neutral, aqueous phosphate-buffered conditions and in the presence of Na>S20s
SEA and either [Ru(bpy)s]Cl. (red) or [Ru(bpy)2(deeb)](PFs). (black) are displayed. All
parameters excluding the nature of the PS were kept constant.
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Figure 3.16: Kinetic monitoring (Clark electrode) of the light-driven OER by 11 (5 nmol) in the presence of either
Ru(bpy)s]Cl2 (red) or [Ru(bpy)2(deeb)](PFs)2 (black) as PS. Conditions: LED lamp (. =470, 10 mW cm), 2.33 umol PS

and Naz2S20s (10 mM) in 5 mL of a 0.01 M phosphate-buffered aqueous solution (initial pH = 7). Constant stirring and
temperature of 25 °C maintained by immersion of the reaction vessel in a water bath.

In this experiment under analogous conditions employing the homoleptic PS [Ru(bpy)z]Cl:
liberated 45 nmol O, whereas when using the heteroleptic PS [Ru(bpy)2(deeb)](PFs). 129
nmol Oz was evolved. This activity corresponds to TONs of 9 and 26 with [Ru(bpy)3]Cl. and

[Ru(bpy)2(deeb)](PFs)2 as PS’s, respectively. This outcome is in-line with expectations and can
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be attributed to the contrasting redox potentials of the employed PS’s: As the oxidation
potential associated with [Ru(bpy)2(deeb)]** (Ex2 Ru"/Ru" = 1.40 V vs. NHE) is higher than
that of [Ru(bpy)s]?>* (Exz Ru"/Ru" = 1.26 V vs. NHE) the former, stronger PS provides a
greater driving force for the endergonic OER.® Therefore, it can be concluded that

[Ru(bpy)2(deeb)](PFs)2 is a more effective PS than [Ru(bpy)s]Cl. for H2O oxidation catalysis
using 11.
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3.5 Post-Catalytic Characterisation

Light-induced H20 oxidation experiments using 11 demonstrate that this compound displays
excellent Oz evolution behaviour under photocatalytic conditions, exhibiting apparent OER
turnover characteristics which surpass those of any previously reported Mn-oxo cluster or
MnOy species under neutral pH conditions. However, possible cluster transformations were not
ruled out during these activity assessments. To characterize the chemical transformations
undergone by 11 under working conditions and to rule out the formation of catalytic metal

oxide species, a post-catalytic analysis was performed using Raman spectroscopy.
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Raman Spectroscopic Analysis

Raman spectroscopy is well-suited for detecting trace quantities of in-situ generated,
catalytically active MnOyx compounds, as these species exhibit easily recognisable,
characteristic signals in Raman spectra.3* Therefore, to rule out the formation of OER active
MnOy species under the operating conditions of photocatalytic experiments using the Mn-oxo
cluster 11, Raman spectra were obtained from the dried residues of three-component
photocatalytic mixtures both before and after irradiation. These spectra, in addition to the
Raman spectra of the WOC 11, [Ru(bpy)2(deeb)](PFs)2, Na2S.0g and NaSO4 are compared in
Fig. 3.17.
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Figure 3.17: Raman spectra of the dried residues of the three-component photocatalytic mixture before (black) and after
(red) irradiation. Also plotted for comparison are the Raman spectra of 11 (pink), [Ru(bpy)2(deeb)](PFs)2 (orange),
Naz2S20s (green) and NaSOxz (blue).

144



Chapter 3 — Bioinspired Mn-Oxo Clusters for H,O Oxidation

Interpretation of the Raman spectra of pre- and post-catalytic three-component mixtures reveals
a few key differences. Importantly, however, no signals in the region 200 — 750 cm™ are
present in the Raman spectrum of the post-irradiated catalytic mixture which cannot be located
in the Raman spectrum of the pre-irradiated catalytic mixture. As MnOy species are typically
highly Raman active in this region, this observation rules out the in-situ formation of these
compounds contributing towards the observed OER activity in light-driven O evolution

experiments using the cluster 11.848°

Several signals in the Raman spectrum of the pre-catalytic three-component mixture can be
assigned to 11: Weak bands at 160, 515, 575, 810, 1160, 1230 and 1380 cm™2, and a shoulder
at 810 cm* are attributed to the Mn-oxo cluster. However, in the Raman spectrum of the post-
catalytic three-component mixture signals at 515, 575, 810 and 1380 cm™* are either reduced
in intensity relative to the intensity of the corresponding bands in the spectrum of the pre-
catalytic mixture or not present. This supports the results of recycling and electrochemical
(see Section 3.6) experiments carried out using 11, further supporting the proposition that the
cluster decomposes into catalytically inactive species during photocatalytic O evolution.

A number of bands in the Raman spectrum of the pre- and post-irradiated catalytic mixture at
345, 365, 550, 645, 665, 700, 770, 1030, 1045, 1265, 1320, 1470, 1490, 1610, and 1740 cm™!
can be assigned to the PS [Ru(bpy)z(deeb)](PFs)2. Three signals at 830, 850 and 1090 cm™* in
the Raman spectra of the pre- and post-irradiated catalytic mixtures are assigned to Na;S,0Os.
These signals reveal significantly lower intensity in the Raman spectrum of the post-irradiated
mixture relative to the intensity of the corresponding bands in the Raman spectrum of the pre-
irradiated reaction mixture. This disparity is likely to be due to the irreversible decomposition
of the SEA during the OER. The only signal which is significantly higher in intensity in the
Raman spectrum of the post-irradiated catalytic mixture relative to the corresponding signal in
the Raman spectrum of the pre-irradiated reaction mixture is a band at 995 cm™, which is

assigned to SO%~, which was generated as a result of SEA decomposition.
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3.6 Electrocatalytic H20 Oxidation Properties of 11

To corroborate the H.O catalytic oxidation activity of 11 observed under photocatalytic
conditions, the O evolution activity of this Mn-oxo cluster was evaluated in electrochemical
tests in collaboration with Dr. Joaquin Soriano-Lépez. For this analysis, 11 was blended with
commercial carbon paste (CP) at different weight ratios (wt.-%) to produce 11-modified carbon
paste (11/CP) electrodes. Linear sweep voltammetry (LSV) experiments were carried out using
11/CP electrodes with 10, 20, or 30 wt.-% catalyst loading as working electrodes (Fig. 3.18).%
Analogously to photochemical experiments, the mild aqueous operating conditions of PS 1l
were emulated in electrocatalytic experiments by using aqueous phosphate buffer solutions at
pH = 7.2 using KNOs (1 M) as electrolyte.
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Figure 3.18: Linear sweep voltammetry using 11/CP electrodes at 10, 20, or 30 wt.-% catalyst loadings.

As in photocatalytic experiments, employing higher loadings of 11 resulted in increased OER
catalytic activity: 30 wt.-% 11/CP electrodes displayed the best performance, promoting very
high current densities at low overpotentials, yielding 1 mA cm™2 at n = 292 mV and even 100
mA cm2 at 1 = 654 mV. Further, a remarkably low onset overpotential of just 255 mV was
achieved using these electrodes. This is in contrast with a control LSV experiment in which an
external potential was applied to a pure CP working electrode and no catalytic response was

elicited. The overpotentials required for the onset of catalytic activity (nonset), and to reach
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current densities (j) of 1 and 100 mA cm™2 using 11/CP working electrodes are displayed in
Table 3.4.

In repeated LSV experiments performed using 11/CP working electrodes, the cluster’s catalytic
OER activity was observed to diminish after multiple repetitions. This indicates that 11
decomposes into catalytically inactive species after prolonged use, which is in line with catalyst
recycling experiments (see Section 3.4). Moreover, analysis using Raman spectroscopy
performed on post-catalytic 11/CP electrodes was unable to detect in-situ generated MnOx
species. This conforms with post-catalytic characterisation experiments performed on
photocatalytic mixtures (see Section 3.5) and further supports the supposition that 11 is a
genuine OER catalyst

Table 3.4: Comparison of the LSV data obtained using 11/CP working electrodes
containing different catalyst loadings.

n (mV) n (mV)

Wt.-% 11/CP Nonset (MV)
@j=1mAcm? @ j = 100 mA cm?
10 438 521 —
20 297 367 755
30 255 296 654

The outlined electrochemical experiments exemplify that 11 facilitates electrocatalytic H.O
oxidation at low onset overpotentials and promote high current densities which exceed most of
those reported for other OER catalysts at neutral pH values.®” Furthermore, the diminishing
activity of 11 in consecutive LSV experiments using 11/CP electrodes, the absence of MnOx
species in post-catalytic samples and the high activity characteristics of 11 revealed in this
electrocatalytic study substantiate the cluster’s unprecedented turnover characteristics

observed in photocatalytic experiments.
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3.7 Conclusion

In this chapter, a series of catalytic H2O oxidation screening experiments are described. These
tests were carried out on Mn-based compounds with some structural similarities to the OEC.
This initial investigation aimed to identify a bioinspired Mn-based material exhibiting light-

driven OER activity at pH = 7 to employ in further catalytic studies.

As a result of this precursory assay, nine Mn-oxo materials (3 — 11) with previously unknown
H20 oxidation properties revealed OER activity when irradiated (A = 470 nm) in the presence
of a three-component photocatalytic system. The activities manifested by 3 — 11 varied
considerably, displaying TONs within the range of 1.25 — 25.8 and TOFs ranging between 0.06
—0.57 s7%. A correlation was noted between high-nuclearity structures with several substrate-
accessible sites and favourable OER activity, as compounds featuring these attributes generally

liberated greater quantities of Oz in these experiments.

Out of all of the materials tested, the Mn-oxo cluster 11 revealed the most exciting turnover
characteristics, with an activity surpassing that of 3 — 10 and many Mn-based literature
WOCs.* 11 is also attractive for practical H.O oxidation applications as its preparation is facile
and involves inexpensive environmentally-friendly starting materials, and because of its
insolubility and stability under neutral aqueous conditions. Further, structural characteristics of
11 such as the presence of substrate-accessible sites, non-innocent ligands and cubane motifs
were highly encouraging. Due to these propitious properties, 11 was chosen for further catalytic
studies. The OER characteristics of 3 — 10 may be investigated in greater detail in future work,

however 11 was the only compound considered following preliminary screening experiments.

To facilitate further examination of the catalytic properties of 11, this Mn-oxo cluster was
synthesised and characterised using single crystal X-ray diffraction, FT-IR spectroscopy,
PXRD, TGA, MALDI-TOF mass spectrometry and DLS. This analysis revealed that 11 is a
new polymorph containing a recently reported cluster core and confirmed the phase-purity and
stability of the sample.3! Following on from this, the catalytic H,O oxidation properties of 11
were scrutinised in a series of heterogeneous photocatalytic experiments. In this investigation,
a high TON = 40 and TOF = 0.72 s were achieved using catalyst loadings of 1.25 and 2.50
nmol, respectively. In the presence of [Ru(bpy)s]Cl: instead of [Ru(bpy)2(deeb)](PFs)2 as PS,
11 was evolved significantly less O2 under otherwise analogous conditions (45 vs. 129 nmol
O2 evolved). This disparity can be explained by the higher redox potential of the PS
[Ru(bpy)2(deeb)](PFe)2.
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To establish if 11 could be reused, a series of catalytic recycling tests were carried out.
Following O evolution by 11, fresh quantities of PS and SEA were added to the reaction vial
and the OER experiment was repeated. This experiment revealed that 11 maintains catalytic
activity over a prolonged period of time, however the activity fell significantly each time the
reaction mixture was irradiated. After the third test, the quantity of Oz liberated was comparable
to the amount of O evolved in a control experiment without a WOC, indicating that 11 had
decomposed into catalytically inactive species. Over three photocatalytic tests, a combined
total TON = 86 was achieved using a 2.5 nmol loading of 11.

To verify that 11 is a genuine WOC, three-component photocatalytic mixtures were dried and
characterised before and after irradiation using Raman spectroscopy. Critically, characteristic
vibrational bands typical of MnOx species were undetectable in the Raman spectrum of the
catalytic mixture following irradiation. This signifies that 11 is the source of the evolved O3,
and not a precatalyst which forms MnOx species under the working conditions.® Bands which
were assigned to 11 in the Raman spectrum of the pre-irradiated photocatalytic mixture were
of lower intensity in the Raman spectrum of the irradiated sample, suggesting that 11

decomposes into inactive materials. This observation is consistent with recycling experiments.

Further, the O evolution activities of equivalent molar quantities of 11, MnBr2-4H>0 and HsL.2
were examined under analogous conditions. In this experiment, the OER activity of 11 vastly
surpassed the activity of either the redox-active ligand or metal salt. This experiment provides
strong evidence that 11 or a compound closely related to it is the species responsible for O
evolution. As the activity of 11 is far greater than the combined activities of its metallic and
organic constituents, this suggests that the activity of 11 stems from a synergistic effect

between its Mn-oxo core and redox-active stabilising p-cresol ligands.

Under electrochemical conditions as part of modified carbon paste electrodes, 11 gives rise to
a very low onset potential for catalytic H.O oxidation. Using 30 wt.-% 11/CP electrodes, a
remarkably low onset overpotential of just 255 mV was achieved. Moreover, high current
densities were delivered at low overpotentials, yielding 100 mA cm™2at v = 654 mV. Further,
the overpotential of the 11/CP electrodes can be reduced by increasing the catalyst loading
within the carbon blend, as demonstrated by LSV experiments. Therefore, the observed OER
activity directly correlates with the quantity of 11 within the modified electrodes, which

supports photochemical experiments using this Mn-oxo cluster.
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The remarkable turnover characteristics displayed by 11 under photochemical conditions and
H>O oxidation activity at low overpotentials in electrochemical experiments at pH = 7 most
likely arises due to a synergistic effect between the bioinspired Mn-oxo cluster and the
stabilising redox-active organic ligands. Furthermore, this activity can be attributed the
polynuclear core of 11 which contains ‘dangling’ Mn" centres that interact with H,O substrates
and can accumulate charge equivalents over multiple metallic centres, hence facilitating
multi-electron redox processes. The latter characteristic is one of the most important features
of natural enzymes to facilitate rapid multiple electron transformations and is well-established

for molecular oxo clusters such as polyoxometalates, 89909192

Also pertinent to the reactivity of 11 are the oxidizable p-cresol (HL2)*>" ligand derivatives
which likely promote electron abstraction from the {Mn1o} cluster core in an analogous manner
to the natural Y, functionality of PS Il. Hence, 11 replicates key features of the OEC’s
environment within PS Il. It is important to note that this study was carried out at neutral pH
values at 1 atm and ambient temperature, where 11 has shown unprecedented OER
performance under electro- and photochemical conditions. This is highly desirable for the

development of artificial photosynthetic cells for direct solar-to-fuel applications.

Maayan et al. demonstrated some of the most active Mn-based OER catalysts in the literature.
Dodecanuclear [Mn12012(OAc)Lx(H20)4] complexes (where L = di- or trihydroxybenzoate)
exhibit TONs of up to 15.5 under electrochemical conditions, which is several times lower than
the highest TON exhibited by 11.22% One of the most attractive noble metal-free OER catalysts
operating under neutral pH conditions is a cobalt oxide-phosphate catalyst (Co-Pi) which was
established by Nocera et al.”® Co-Pi catalyses H,O oxidation under electrochemical conditions,
delivering 1 mA cm2at an applied overpotential of 410 mV at pH = 7. The equivalent current
density was delivered by 11/CP electrodes at an overpotential of just 255 mV. The high OER
activity of 11 is an important discovery for the development of effective, renewable
technologies for Hz production from H2O using inexpensive and environmentally friendly
methods. However, it must be acknowledged that the performance of a WOC is linked to the

experimental conditions applied.®*

In this investigation, a synthetic avenue to a highly active WOC using abundant, non-toxic
metal ions and inexpensive organic ligands has been highlighted. This approach can be applied
to a wide range of clusters and diverse potentially non-innocent ligands. In future

investigations, the ligand HsL2 could be synthetically modified to tune the performance of 11
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under catalytic conditions. This may be achieved by adding electron donating substituents to
stabilise the Mn-oxo core during catalysis or using more robust binding groups such as
carboxylates to improve the activity of the cluster.®” Further, the influence of incorporating
heterometallic ions such as Ca'' or Ba' into the {Mnig} system on its catalytic activity could
be explored.®® Finally, computational modelling could be applied to elucidate mechanistic

analogies or differences between 11 and the OEC.
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Chapter 4 — Metallo-Supramolecular Co' Polygons for H,O Oxidation

4.1 Introduction

Metal-organic polygons and polyhedra (MOPs) are a class of discrete metallo-supramolecular
compounds comprising metal ions or polynuclear complexes linked by organic ligand moieties
which form via self-assembly mechanisms.! Judicious selection of organic linkers and SBUs
allows the self-assembly process to be directed, thus affording control over the structural,
topological and electronic properties of the final material.? In recent years, application of this
directed synthetic approach has led to the development of MOPs with a wide variety of

potential applications including catalysis,®*®° drug delivery,® sensing” and many others.®°

The organic linkers employed in the synthesis of MOPs are often adapted from those typically
used in the reticular synthesis of MOFs,*° and include carboxylate-,** pyridine-'? and imine-*3
functionalised organic ligands. Literature investigations of imine-based MOPs have
demonstrated that the nature of the metal ion within the SBUs of these structures has a
significant impact on the physicochemical characteristics of the material. Recently, tritopic

imine-containing MOPs featuring Zn'' or Fe!' have been explored.***°

To develop novel and efficient WOCs, the construction of MOPs comprising Co'-based SBUs
presents an attractive opportunity. Despite the extensively demonstrated favourable redox
properties of Co" for H,O oxidation catalysis, 1”18 this metal remains relatively
underexplored within imine-based MOP chemistry. The low toxicity and high abundance of
Co compared with other noble-metals commonly employed in OER catalysis such as Ru and
Ir presents additional advantages.!® These attributes make Co'-based MOPs promising
candidates for OER catalysis. Therefore, this investigation focusses on the development of

Co'-based MOPs comprising imine ligands for catalysing H2O oxidation.

In this chapter, a novel class of heterogeneous WOC is described. The synthetic methodology
involves a Co'-directed self-assembly using the Schiff base ligand N,N',N"-tris-(1-methyl)-1H-
imidazol-4-ylmethylene)-1,3,5-triphenyl benzene (L3). This process generates the disc-shaped
supramolecule [Co'"3(L3)2(H20)6]®" which features partially hydrated Co'" centres. In the solid
state, this molecule assembles through an extensive network of hydrogen and halogen bonding
interactions to form the stable, water-insoluble halide-metal-organic framework
[Co'"3(L3)2(H20)6]Cls:DMF-6H,0 (12). The capability of 12 to catalyse OER is then assessed
under photo- and electrochemical conditions and a computational analysis is applied to
elucidate the mechanism of O evolution using this compound. Finally, DFT calculations

attribute the observed OER activity to a Co'"'-oxyl species.
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4.2 Synthesis and Structural Characterisation of [Co''3(L3)2(H20)s]Cls:DMF-6H20 (12)

The supramolecular assembly 12 comprises {Co'/imine} polygons connected through
supramolecular interactions to form a 3D framework. The structure was known to the Schmitt
group, however in this study the compound’s catalytic properties are probed for the first time.?°

The synthesis, structure and physicochemical characterisation of 12 are outlined in this section.
4.2.1 Synthesis of [Co''3(L3)2(H20)6]Cls:DMF-6H20 (12)

The supramolecular complex [Co'"3(L3)2(H20)6]Cls-DMF-6H20 (12) was prepared in
collaboration with Dr. Ako M. Ayuk. Initially, the ligand N,N',N"-tris-(1-methyl)-1H-imidazol-
4-ylmethylene)-1,3,5-triphenyl benzene (L3) was prepared by refluxing 1,3,5-tris(4-
aminophenyl)benzene and 4-imidazolecarboxaldehyde overnight in a solution of MeOH and
acetic acid. Nucleophilic addition of the primary amine to the aldehyde afforded the formation
of the Schiff base ligand. L3 was then heated with CoCl2-6H20 in DMF, before filtering the
solution and slowly diffusing THF into the filtrate over several days. This afforded orange

crystals of 12 in good yield that were suitable for analysis using single crystal X-ray diffraction.
4.2.2 Crystal Structure of [Co''3(L3)2(H20)s]Cls-DMF-6H20 (12)

The crystal structure of 12 was solved in the hexagonal space group P6s22. The asymmetric
unit of 12 contains two distinct Co'! centres: one of which is crystallographically fully occupied,
whilst the other has a crystallographic occupancy of %2 and is located on a 2-fold rotational axis.
Also found within the asymmetric unit of 12 are one L3 ligand, three coordinated H2O

molecules, DMF and H2O constitutional solvent molecules and CI™ counterions.

(a) (b)
H

s

AT
YN L~ 797
~

[®

~N

Figure 4.1: Ball-and-stick representation of the trinuclear disc-like structure [Co''3(L3)2(H20)s]¢* viewing from (a) top

and (b) side. Hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Co violet.

159



Chapter 4 — Metallo-Supramolecular Co' Polygons for H,O Oxidation

A C, symmetry element extending between the two L3 ligands generates the trinuclear
complex [Co"3(L3)2(H20)6]®* which exhibits the disk-like structure depicted in Fig. 4.1a. In
the solid state, this trinuclear complex assembles through halogen and hydrogen bonding
interactions to form the stable, water insoluble halide-metal-organic framework compound,
[Co"3(L3)2(H20)6]Cls-DMF-6H,0 (12). Each of the Co' centres of 12 are coordinated by two
different imidazolate L3 ligands, and the aromatic ring systems of each of these ligands are
aligned in parallel with one another (Fig. 4.1b). The distances between the centroids of the
aromatic rings of the ligand moieties are within the range 3.628(8) — 3.678(2) A. These

distances are consistent with m — & stacking interactions previously reported in the literature.?

The coordination environments of the two crystallographically independent Co' centres of the
trinuclear complex [Co''3(L3)2(H20)s]®* are shown in Fig. 4.2. Both Co(1) and Co(2) adopt
distorted octahedral coordination geometries which are composed of two imine N-donors, two
imidazole N-donors and two O-donors of two coordinated H.O molecules. The four N-donor
atoms are located at the equatorial plane of the Co! centres, with the imine-imidazolate
functionality acting as a cis-coordinating bidentate functionality.

The apical binding sites of each of the Co'" centres are occupied by two O-donors from two
H>O moieties which coordinate trans with respect to each other. The bond distances
surrounding Co(1) and Co(2) range between 2.10 — 2.22 A. The bond angles which surrounding
Co(1) and Co(2) that deviate most significantly from the ideal octahedral angles of 90° and
180° are within the ranges 76.6° — 105.6° and 169.2° — 190.8°, respectively. These bond
distances and angles are consistent with other Co' imidazolate and imine complexes previously

reported in the literature,?223.24

(b)

Figure 4.2: Ball-and-stick representation of the coordination environments of the Co'' centres in compound 12 ((a) Co(1)

and (b) Co(2)). Hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Co violet.
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The trinuclear complex [Co'3(L3)2(H20)6]°" is stabilised by an extensive network of halogen
bonding interactions between CI~ counterions and imidazole H atoms of the L3 moieties of 12.
These interactions connect trinuclear complexes along the crystallographic ab plane to form
layers, which are then further connected by halogen bonding interactions that extend in the
direction of the crystallographic c-axis to form the 3D halide-metal-organic framework
structure [Co''3(L3)2(H20)s]Cls (12). The CI- — CH halogen bond distances of 12 are within
the range of 2.58 — 2.62 A, which is typical for halogen bonding interactions previously
reported in the literature.?®

The stacking of the 2D layers within the framework 12 gives rise to large helical channels
which are displayed in Fig. 4.3. These helical channels extend in parallel with the
crystallographic c-axis and have a 63 screw symmetry. The presence of these channels in 12
gives the structure a large solvent-accessible void volume which comprises ca. 58% of the unit

cell volume (calculated using CCDC-mercury program and a probe radius of 1.2 A).?

Figure 4.3: Ball-and-stick representation of 12 highlighting the large helical channels which extend in the direction of the
crystallographic c-axis. Constitutional and coordinated solvent molecules have been omitted for clarity. Colour Scheme:

C grey, H white, N blue, Cl green, Co" centres are shown as red polyhedra and yellow spheres highlight void space.
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The halide-metal-organic framework 12 is further stabilised by a network of hydrogen bonding
interactions between the six coordinated H2O ligands and constitutional solvent molecules
which locate within the channels of 12. The hydrogen bond distances Owatery — H- - -Osolvent) are
within the range 2.56 — 2.73 A, which is consistent with hydrogen bonding interactions

previously reported in the literature.?’

Each of the two imidazolate ligands L3 in 12 are protonated in the crystal structure and are
therefore not charged. Each of the three cobalt centres was determined to have an oxidation
state of +11 using BVS analysis calculations, giving an overall positive charge of +6. This
charge is balanced by the presence of 6 CI™ anions in the crystal structure which stabilise the
halide-metal-organic framework 12 through halogen bonding interactions. Therefore, the

overall charge of 12 is neutral.

The packing of the halide-metal-organic framework 12 is displayed in Fig. 4.3. The trinuclear
complex [Co'5(L3)2(H20)6]®" is connected via hydrogen and halogen bonding interactions
which arrange the complexes into hexagonal layers, whereby three [Co''3(L3)2(H20)s]®*
complexes align to form individual hexagons (Fig. 4.4a). These honeycomb-shaped layers
assemble through CI™ — CH interactions in the direction of the crystallographic c-axis, which
stack on top of one another giving rise to the helical channels of 12 (Fig. 4.4b). The distance

between neighbouring honeycomb layers (centre to centre) is ca. 9.8 A.
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Figure 4.4: Ball-and-stick representation of the packing arrangement of 12, viewed in the direction of the crystallographic

(a) c-axis and (b) b-axis. Constitutional solvent molecules, coordinated solvent molecules and non-hydrogen bonding

hydrogen atoms have been omitted for clarity. Colour scheme: C grey, H white, N blue, O red, Co violet, Cl green.
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4.2.3 Physicochemical Characterisation of 12
Infrared Spectroscopy

The halide-metal-organic framework 12 was characterised using FT-IR spectroscopy, and the
resulting spectrum is presented in Fig. 4.5. In this spectrum, broad signals above 3200 cm™
can be assigned to vibrations of the hydrogen bonding apically coordinated and constitutional
H>O moieties. In addition, several characteristic signals can be attributed to the ligand L3 in
the FT-IR spectrum of 12: A signal at 3127 cm™ can be assigned to an aromatic C — H
stretching vibration from the ligand, an absorption at 2979 cm™ can be attributed to N — H
stretching from the imidazole functionality of L3, a signal at 1622 cm ™ is assigned to the imine
functionality of L3, and a signal at 1319 cm™ can be associated with a C — N stretching
vibration of the imidazole functionality of L3.28 Two signals at 1157 and 895 cm™ were
assigned to the in-plane and out-of-plane N — H bending modes from the imidazole moiety of
L3, respectively.?®
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Figure 4.5: FT-IR spectrum of 12.
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Thermogravimetric Analysis

The thermal stability of 12 was assessed using thermogravimetric analysis (TGA) of a freshly
prepared, crystalline sample. The analysis was conducted under a constant stream of N in the
temperature range 30 — 800 °C. The TGA trace (Fig. 4.6) reveals that as compound 12 is heated
from 30 — 100 °C, a weight loss of 12.0% is observed. This weight loss is attributed to the loss
of six constitutional H>O solvent molecules, and the six apically coordinated H-O molecules
from 12 (calculated 11.7%). As compound 12 is heated further from 100 — 160 °C, an additional
weight loss of 3.9% is observed, which is associated with the loss of one DMF constitutional
solvent molecule (calculated 3.9%). The thermal decomposition of 12 then proceeds in two
further stages: Decomposition of the imidazole ligands occurs between 160 — 570 °C, and final
decomposition step occurs between 570 — 800 °C which is associated with the formation of
metal oxide species. Interpretation of the TGA trace obtained led to the determination of the
molecular formula of 12, [Co''3(L3)2(H20)s]Cls: DMF-6H20.
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Figure 4.6: TGA trace of 12.
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Mass Spectrometry

The halide-metal-organic framework 12 was found to be insoluble in both aqueous solutions
and alcohols. However, upon heating 12 in DMF, small quantities of the material went into
solution which were detected using positive ion MALDI mass spectrometry (Fig. 4.7). A weak
signal observed at m/z = 1633.48 was assigned to the species {[CosL32(H20)s]Cls}* (calculated

m/z = 1633.47), confirming that 12 maintains its structural integrity in aqueous solutions.

{[Co3L32(H20)6]Cls}"

f T T 1
1400 1500 1600 1700

m/z

Figure 4.7: Positive ion MALDI of 12 dissolved in DMF highlighting the species {[Co3L32(H20)6]Cls}",
{Co03C72HesN1806Cis}* (calculated m/z = 1633.47, found m/z = 1633.48).
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4.3 H20 Oxidation Catalytic Experiments

The halide-metal-organic framework 12 features several structural attributes indicative of its
capacity to catalyse the OER. For example, the large, solvent-accessible channels within the
3D open-framework structure of 12, coupled with the presence of partially hydrated Co'"
centres in the structure were significative of the material’s catalytic potential.
Furthermore, the facile synthesis, noble-metal-free nature and heterogeneity of 12 under
aqueous conditions all suggested that the material could prove to be a valuable WOC. These
observations prompted an investigation into the H>O oxidation properties of 12 under
both photo- and electrochemical conditions. The experiments described in this section
demonstrate that 12 functions as an efficient heterogeneous catalyst for the OER.
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4.3.1 Visible Light-Induced H20 Oxidation Catalytic Properties of 12

The light-driven H>O oxidation activity of 12 was assessed according to a procedure which
was analogous to the protocol applied to determine the photocatalytic OER activity of 1. A
three-component system comprising the WOC (12), a PS ([Ru(bpy)2(deeb)](PFs)2) and a two-
electron SEA (NaxS:0s) was employed under phosphate-buffered aqueous conditions at
pH = 7.0.3° O, evolution activity was monitored in real-time using a Clark electrode whilst the

reactor was irradiated with an LED lamp (A = 470 nm).

Control experiments were conducted in which one of each of the three components of the
photocatalytic system were removed. This resulted in negligible Oz evolution,
demonstrating that each component is vital for overall OER activity (Table 4.1).
Preliminary OER experiments using 12 with [Ru(bpy)s]Cl2 as a PS or in borate-buffered
solutions resulted in less O2 evolution compared to analogous experiments conducted
using [Ru(bpy)2(deeb)](PFs). as a PS or phosphate-buffered solutions. For this reason,
subsequent experiments were conducted using [Ru(bpy)2(deeb)](PFs)2 in phosphate-buffered

aqueous solutions.

Table 4.1: Table highlighting the relationship between Oz evolution the presence of each
component of the three-component photocatalytic system and light irradiation.

Light -
. OER Activity
12 Naz2S20s [Ru(bpy)2(deeb)](PFe)2  Irradiation
Observed
(A =470 nm)

Yes Yes Yes - No
Yes Yes - Yes No
Yes = Yes Yes No
= Yes Yes Yes No
Yes Yes Yes Yes Yes
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Kinetics of the Light-Driven OER

Photocatalytic experiments using 12 revealed that the material exhibits optimal OER
performance using a catalyst loading of between 0.04 — 0.08 mg in the presence of
[Ru(bpy)2(deeb)](PFes)2 (2 mg) PS and NaS:0s SEA (10 mM) in an aqueous
phosphate-buffered solution (5 mL, 0.01 M, initial pH = 7). Fig. 4.8 displays the kinetics of the
light-driven OER using 12 when employing catalytic loadings of 0.00, 0.04, 0.06, and 0.08 mg.
When the light is switched on, the measured O2 concentration in the solution containing the
three-component catalytic mixture continuously rises for ca. 200 seconds, before levelling off
and eventually decreasing as a result of equilibration with the headspace of the reactor. The
relationship between the loading of 12 and net O, production follows pseudo first-order
Kinetics, indicating that the mechanism of the OER by 12 proceeds via a WNA pathway as

opposed to an 12M pathway, which would be expected to exhibit 2" order reaction kinetics.®*
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Figure 4.8: Kinetic monitoring (Clark electrode) of light-driven dioxygen formation using different WOC loadings of 12
(0 mg, grey; 0.04 mg, blue; 0.06 mg, orange; 0.08 mg red). Conditions LED lamp (A = 470, 10 mW cm™?),
[Ru(bpy)z(deeb)](PFs)2 (2 mg), Na2S20s (10 mM) in phosphate-buffered aqueous solution (5 mL, 0.01 M, pH = 7.0).
Constant stirring rate of 500 rpm and temperature of 25 °C maintained by immersion of the reaction vessel in a water bath.
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Kinetics of the Light-Driven OER: High Catalyst Loadings

Increasing the loading of 12 above 0.08 mg resulted in diminishing catalytic turnover
characteristics. The kinetics of Oz evolution by 12 at loadings higher than 0.08 mg are plotted
in Fig. 4.9. Increasing the amount of 12 above the optimal loading for the OER resulted in a
decrease in the TON (TON = 24.7 using 0.15 mg loading of 12 compared to TON = 44.1 with
a loading of 12 of 0.09 mg), the TOF (TOF = 0.30 s for 0.15 mg WOC loading compared to
TOF =0.57 s7* for 0.09 mg WOC loading) and overall dioxygen evolution by the catalyst
(O2 conversion = 8.58% for 0.09 mg loading compared to O conversion of 8.02% for 0.15 mg
loading). Similar behaviour has previously been reported in other investigations of catalysts
for the light-driven OER, and the behaviour has been attributed to aggregate formation between
the catalyst and the PS species, which decreases the overall efficiency of the photocatalytic

system. 323334
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Figure 4.9: Kinetic monitoring (Clark electrode) of light-driven dioxygen formation using high loadings of 12 (0 mg,
black; 0.09 mg, magenta; 0.15 mg purple) showing the negative correlation between OER activity and catalyst loading
above the optimal catalytic loading. Conditions LED lamp (A = 470, 10 mW cm™2), [Ru(bpy)2(deeb)](PFe)2 (2 mg),
Na2S20s (10 mM) in phosphate-buffered aqueous solution (5 mL, 0.01 M, pH = 7.0). Constant stirring rate of 500 rpm

and a temperature of 25 °C maintained by immersion of the reaction vessel in a water bath.
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The light-driven OER experiments described demonstrate that 12 functions as an
efficient H.O oxidation catalyst, operating with a maximum TOF = 1.21 s* when employing
catalyst loading of 0.06 mg, and a maximum TON = 74.3 and O yield of 12.8% when
employing a loading of 0.08 mg (Table 4.2).

The halide-metal-organic framework 12 exhibits superior catalytic performance in terms of
TON and TOF towards the light-driven OER relative to many other transition metal-based
WOCs previously reported in the literature.®® The maximum TOF of 12 towards the OER is
exceptional among earth-abundant heterogeneous WOCs.*®3" For example, Blakemore et al.
prepared quantum-confined CosO4 nanoparticles (< 5 nm diameter) for electrocatalytic H.O
oxidation using pulsed-laser ablation in liquids (PLAL).*® The TOF of this WOC is 0.21 s!
per mole of surface-accessible Co atoms, which is among the highest reported TOF for Co304

nanoparticles.

Even if the assumption is made that all of the Co'" ions of 12 are surface-accessible, the TOF
per Co" centre in 12 is still significantly higher than the reported TOF of the PLAL generated
Co0304 nanoparticles under most of the applied experimental conditions. A lower TOF was only
observed when using the highest loadings of 12 (0.09 mg and 0.15 mg). The moderate TON
and very high TOF displayed by 12 suggests that structural modifications to increase the
robustness of this WOC would be beneficial for generating a highly efficient OER catalyst.

Table 4.2 - TON, TOF and % oxygen conversion at different loadings of 12.

Catalyst Loading Turnover Number  Turnover Frequency  Oxygen Conversion
(mg) (TON) (TOF, s (%)
0.04 41.6 0.98 3.60
0.06 64.0 1.21 8.30
0.07 59.8 1.01 9.00
0.08 74.3 1.09 12.8
0.09 44.1 0.57 8.58
0.15 24.7 0.30 8.02
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Recycling Experiments

In order to ascertain if 12 could be recycled, fresh quantities of [Ru(bpy)2(deeb)](PFe)2 and
Na>S20g were added to the reaction vial following the conclusion of a light-driven H20
oxidation experiment. The OER response of this reaction mixture was then recorded, before
repeating this process until no more O evolution could be detected. The kinetics of the OER
for these experiments is shown in Fig. 4.10 and reveals that 12 maintains activity after the first
cycle, however oxygen evolution fell significantly (net oxygen yield fell to 23% and 10% of
the 1% cycle for the 2" and 3" cycle, respectively). The combined total turnover number
exhibited by 12 over three catalytic tests was calculated as 23.0. This number is lower than
may be expected as it was necessary to employ a buffer solution with a higher than optimal
ionic strength in order to avoid a significant decrease in pH of the catalytic mixture over several

successive catalytic runs.
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Fig. 4.10: Kinetics of light-driven dioxygen formation during four recycling tests using 12. Prior to each catalytic run,
2 mg [Ru(bpy)2(deeb)](PFs)2, and 11.9 mg Na2S20s were added to the reaction vial. Conditions: 0.086 mg WOC loading
in 5 mL 0.05 M phosphate buffer (starting pH = 7), LED lamp (A = 470, 10 mW cm™), a constant temperature of 25 °C

and a stirring rate of 500 rpm was maintained throughout each catalytic run.
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Subsequent attempts to reuse the catalytic material after the 3 run by adding additional SEA
and PS and irradiating resulted in negligible O evolution. The suspected reason for this is that
12 decomposes into catalytically inactive or less active species when repeatedly subjected to
the harshly oxidising working conditions of the OER. To verify this hypothesis, the recycled
inactive catalytic material was taken into DMF and analysed using positive ion ESI mass
spectroscopy (Fig. 4.11). As expected, no signals could be assigned to the intact catalytic
species in the resulting mass spectrum, and two new signals emerged at m/z = 96.03 and
352.18, which were assigned the protonated organic decomposition products of 12:
4-imidazolecarboxaldehyde (calculated m/z = 96.03) and 1,3,5-tris(4-aminophenyl)benzene

(calculated m/z = 352.18), respectively.

This observation provides a useful insight into the decomposition pathway of 12 during
the OER. It also reveals a potential weakness in the WOC of the imine moiety, which
could be substituted for a more robust functional group to confer additional stability to
12 under the working conditions of light-driven OER. Such modifications could lead to

the synthesis of more robust WOCs which are analogous to 12 in future studies.
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Figure 4.11: Positive ion ESI-MS of the solid particles taken into DMF after the third run of the light-driven OER recycle
test highlighting (a) the peak at m/z = 96.03 corresponding to protonated 4-imidazolecarboxaldehyde fragment of the
Schiff Base ligand {C4HsN20}* 96.03 (calculated), 96.03 (found), and (b) the peak at m/z = 352.17 corresponding to
protonated triamine fragment of the Schiff Base {C24H22Ns}* 352.18 (calculated), 352.17 (found).
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4.3.2 Post-Catalytic Characterisation

After establishing the O evolving properties of 12 under photochemical conditions, it was vital
to verify that 12 is indeed the true OER active species responsible for the observed catalytic
activity. To rule out the in-situ formation of trace quantities of heterogeneous OER competent
catalysts such as CoOx or Co—Pi, Raman spectroscopic analysis was performed on catalytic
samples before and after light-driven O evolution. Moreover, UV-Vis spectroscopy was
conducted on aqueous solutions containing three-component catalytic mixtures at several
stages of the light-driven OER to measure Co' leaching from 12. The detection of catalytic
leaching is integral to ascertain the true origin of any observed O evolution, as Co' ions have
been demonstrated as precatalysts for the formation of CoOy species.®*#%41 At the end of this
section, the kinetics of light-driven O, evolution by 12 and Coz04 nanoparticles under
analogous conditions are compared. This comparison is used to determine if the OER activity
of 12 could arise due to the participation of Coz0O4 nanoparticles which form in low levels

below the detection limit of Raman spectroscopic analysis.
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Raman Spectroscopic Analysis

Raman spectroscopic analysis was carried out on a freshly prepared crystalline sample of 12,
and a sample of 12 that had been employed in the light-driven OER (Fig. 4.12). Post-catalytic
material was recovered by collecting the solid material remaining in the irradiated
three-component mixture by filtration and subsequently washing with distilled H.O. Raman
spectroscopic analysis is well suited to detect trace amounts of either CoOx species or Co—Pi

that may form in-situ due to the high surface sensitivity of this technique.*?
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Figure 4.12: Raman spectroscopic analysis of 12 (black) and solid particles of the catalyst recovered after use in the
light-driven OER (red).

Comparison of the two spectra reveals that the highest intensity signals arising from 12 at
410 cm™, 1180 cm™, 1350 cm™, and 1600 cm™ are present in both the freshly prepared and
the post-OER catalytic samples. This indicates that 12 retains its structural integrity at least in
part following the OER. However, due to the diminished intensity of these signals in the post-

irradiated catalytic sample, and because many of the lower intensity signals present in the
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Raman spectrum of the fresh catalytic material are not present in the Raman spectrum of the
irradiated sample it seems probable that partial decomposition of the catalyst occurs during the
light-driven OER. This is observation is consistent with the catalyst recycling experiments in

which the activity of 12 was observed to decrease over multiple catalytic runs.

Crucially, no signals were observed in the Raman spectrum of the post-irradiated catalytic
sample in the region 400 — 600 cm™L, which is the region in which CoOx species are typically
highly vibrationally active in Raman spectroscopy.*® Furthermore, no signals could be assigned
to Co-Pi in the Raman spectrum of the post-irradiated catalytic sample, which typically
features two distinct signals at 971 cm ™! and 1056 cm™* that arise from the [PO4]*~ groups of
Co-Pi.*** The absence of signals that could be assigned to either CoOx species or Co—Pi in
the Raman spectrum of the recovered post-catalytic material strongly suggests that the

observed OER activity arises directly from 12, which is a true molecular WOC.
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UV-Vis Spectroscopy

The supernatant of various suspensions of 12 were analysed using UV-Vis spectroscopy to
detect leaching of Co' ions from the WOC into the aqueous phase. Initially, a suspension of
12 (10 mg) in aqueous phosphate buffer (5 mL, 0.01 M, pH = 7) was stirred for 15 minutes
before measuring the UV-Vis spectrum of the supernatant of this suspension (Fig. 4.13, black).
For comparison, the UV-Vis spectrum of a CoCl2-6H.O (10 pM) in an aqueous
phosphate-buffered solution (0.01 M, initial pH = 7) was also measured (Fig. 4.13, blue).
Importantly, a characteristic absorption detected in the UV-Vis spectrum of the CoClz-6H,0
solution at A = 520 nm cannot be seen in the UV-Vis spectrum of the supernatant of the WOC
suspension. This result indicates that significant quantities of Co' do not leach from 12 under

the aqueous phosphate-buffered conditions employed in photocatalytic OER experiments.
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Figure 4.13: Comparison of the UV-Vis spectra of various catalytic mixtures and components, including the supernatant
of a suspension of 12 in an aqueous phosphate-buffered solution (black), a three-component photocatalytic mixture in an
aqueous phosphate-buffered solution both before (green) and after (red) irradiation. The UV-Vis spectra of aqueous
phosphate-buffered solutions containing the PS [Ru(bpy)2z(deeb)](PFs)2 (purple) and CoCl2-6H20 (blue) are also plotted

for comparison.
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Following this, UV-Vis spectroscopy was used to detect Co'' leaching from 12 under the highly
oxidising working conditions of light-driven OER experiments. To this end, the UV-Vis
spectra of three-component photocatalytic mixtures in aqueous phosphate buffer were obtained
before (Fig. 4.13, green) and after (Fig. 4.13, red) Oz evolution. The UV-Vis spectrum of the
PS [Ru(bpy)2(deeb)](PFs). in aqueous phosphate buffer is plotted for comparison
(Fig. 4.13, violet). The characteristic maxima of aqueous Co'" ions at A = 520 nm is not
observed in the UV-Vis spectra of the pre-, or the post- irradiated three-component catalytic
mixtures. This indicates that Co'' leaching from 12 does not occur under the working conditions
of the OER.
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Comparison of the Catalytic OER Activity of 12 and Co304 Nanoparticles

In order to gather further, indirect evidence that the participation of in-situ formed Co0304
nanoparticles do not contribute significantly to the H>O oxidation activity observed for 12, the
catalytic activity of equimolar Co quantities of 12 and commercially sourced Co0304
nanoparticles (50 — 80 nm particle size) were assessed under analogous conditions. The kinetics
of the light-driven OER catalysed by 84 nmol of either Co3Os or 12 in the presence of
[Ru(bpy)2(deeb)](PFs)2 (2 mg) in 5 mL and Na2S»0s (10 mM) in a phosphate-buffered aqueous
solution (5 mL, 0.01 M) with an initial pH = 7 are displayed in Fig. 4.14.
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Figure 4.14: Comparison of the light-driven Oz evolution activity between the two heterogeneous H20 oxidation catalysts:
Co304 nanoparticles (blue curve, commercially sourced, 50 — 80 nm) and 12 (red curve). Conditions: LED lamp (A =470,
10 mW cm?) 84 nmol catalyst, 2 mg [Ru(bpy)2(deeb)](PFs)2 PS and 11.9 mg NazS20s SEA in 5 mL 0.01 M phosphate

buffer (starting pH = 7). Constant temperature of 25 °C and stirring at 500 rpm maintained by immersion in a water bath.

The result of this experiment demonstrates that the OER proceeds with far faster kinetics when
catalysed by 12 compared with the kinetics of the OER when catalysed by Co304 nanoparticles
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under otherwise identical conditions. The quantity of O, evolved by 12 is 8.7 times greater than
the amount of Oz which is evolved by an equivalent Co molar quantity of Co304 nanoparticles
in the first 170 seconds (3.21 pumol O evolved by 12 compared with 0.37 pmol O evolved by
Co304 nanoparticles). Furthermore, the initial TOF of 12 was found to be 5.7 times larger than
the initial TOF of Co304 nanoparticles under analogous conditions (TOF = 1.09 s* for 12

compared with a TOF = 0.19 s™* for Co3O4 nanoparticles).

This experiment demonstrates that 12 is a kinetically superior OER catalyst to a common
benchmark WOC (Co304 nanoparticles). Moreover, the contrasting activities manifested by 12
and Cos04 nanoparticles is incompatible with the observed OER activity of 12 deriving from
the in-situ formation of trace quantities of CozO4 nanoparticles below the detection limit of
Raman spectroscopy. Therefore, this test provides further indirect evidence that 12 is the true

O2 evolving species.

The results of the post-catalytic characterisation experiments strongly implicate 12 as the true
O2 evolving species in the light-driven OER experiments described. The formation of trace
quantities of CoOx species or Co—Pi could not be not be detected using Raman spectroscopy,
and no leaching of Co' from 12 into the supernatant was observed using UV-Vis spectroscopy.
Moreover, as the observed kinetics for the light-driven H2O oxidation by 12 are far superior to
that of Co304 nanoparticles under the applied experimental conditions, the observed OER

activity by 12 is highly unlikely to arise due to the formation of trace quantities of CoOx species.
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4.3.3 Electrochemical H20 Oxidation Catalytic Properties of 12
Repetitive Cyclic Voltammetry at pH = 7.2

The electrocatalytic H.O oxidation properties of 12 were established in a series of
electrochemical experiments. In these tests, modified electrodes containing commercial carbon
paste (CP) with 5% by weight (wt.-%) of the WOC 12 blended into the electrode (12/CP) were
prepared for use in repetitive cyclic voltammetry (CV) experiments. The response of a 12/CP
electrode in a repetitive CV experiment under aqueous, phosphate-buffered conditions at
pH = 7.2 throughout 150 cycles is shown in Fig. 4.15. Also plotted is the response of a control

CP electrode without 12 for comparison.
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Figure 4.15: Repetitive CV at pH = 7.2 comparing the response of the 12/CP electrodes during the first scan (red), the

final scan after 150 cycles (blue) and a control experiment in the absence of 12 (black).

In this experiment, the 12/CP electrodes clearly demonstrate catalytic activity which is not
exhibited by the control electrode. OER activity by 12 occurs at a potential of 1.28 V vs. NHE,
which corresponds to an onset overpotential for H,O oxidation n = 465 mV at pH = 7. This

potential is low relative to the onset overpotential reported for many other earth-abundant
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transition metal WOCs reported in the literature.*>#%4” Furthermore, a shoulder in the response
signal of the modified carbon paste electrode at ca. 1.45 V can be assigned to a one-electron

oxidation of Co' to Co"".

In line with the WOC recycling experiments conducted under photocatalytic conditions,
catalyst deactivation is observed over repeated cycles: The OER activity decreases
within the first 10 cycles and then remains relatively stable for the remainder of the
experiment. The maintained OER activity of 12 over repeated cycles can be attributed

to the stabilizing effect of the carbon blend.*’

Decomposition of 12 under the working conditions of this experiment leading to the
in-situ formation of CoOyx or Co—Pi species would result in an increased current density
at lower potentials over repeated cycles.*®4%50 As this behavior is not observed in the
repetitive CV experiment at pH = 7.2, it is rational to assume that 12 is not a precatalyst
which forms CoOx nanoparticles or Co—Pi in-situ. This observation, in combination with
the post-catalytic characterization of 12 carried out ahead of light-induced O> evolution

experiments strongly suggest that 12 is a genuine WOC at near-neutral pH.
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Repetitive Cyclic Voltammetry at pH = 9.0

The response of a 12/CP electrode containing 5 wt.-% of 12 in a repetitive CV experiment
under basic conditions over 150 cycles is shown in Fig 4.16. The voltammogram shows that
when the experiment is conducted using a borate buffer at pH = 9.0, the decomposition of 12
into CoOx species is favoured. This transformation is associated with an observed increase in
current density and OER activity at lower potentials after repeated cycles. This phenomenon
has previously been reported in the literature, where Co'-containing catalysts have been
observed to decompose into CoOx species under electrochemical conditions under basic,

borate-buffered working conditions.>!
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Figure 4.16: Repetitive CV experiment at pH = 9.0 comparing the response of 12/CP electrodes during the first scan (red)

and the response during the final scan after 150 cycles (blue).

The electrocatalytic investigations outlined confirm that 12 is active towards the OER under
electro- and photochemical conditions. The overpotential required for the onset of catalytic
activity (n = 465 mV) at neutral pH demonstrates the competency of 12 to catalyse the OER,

corroborating the results of photocatalytic experiments using this H.O oxidation catalyst.
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4.3.4 Computational Analysis

A thermodynamic analysis at the DFT-B3LYP level employing a methodology by
Van Voorhis et al.>> was conducted by Dr. Joaquin Soriano-Lépez to elucidate the
mechanism of O2 evolution by 12. As pseudo first-order Kinetics are observed in
light-driven H>O oxidation experiments, and because direct coupling between two oxo
moieties is prohibited due to the separation of the Co' centres of 12, the O-O bond
formation step was assumed to occur via a H20 nucleophilic attack (WNA) pathway.
Therefore, a single-site model in which L3 was replaced by 1H-imidazol-4-
ylmethylenenimine-phenyl (L3’) to give [Co(L3)2(H20).]** was employed in the
computational analysis. The proposed catalytic cycle for H>O oxidation by 12 is
presented in Fig. 4.17.
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Figure 4.17: Proposed mechanism for O2 evolution for [Co(L3?)2(H20)2]?* based on DFT calculations at the B3LYP level.
Colour scheme: C black, N blue, O red, Co Violet.
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DFT calculations reveal that the reaction proceeds via two PCET steps in which the two
coordinated H2O molecules are first deprotonated, followed by two one-electron
oxidations of the Co'' centre generating [Co'V(L3")2(OH)2]?*. These PCET events at
1.64 V and 1.67 V (vs. NHE at pH = 7) agree well with the experimental CV.
Nucleophilic H20O binding, followed by a PCET typically occurs when a WOC’s
oxo-group has an unoccupied molecular orbital localized at the O-atom, which acts as
an electron acceptor.>® Thus, for [Co'V(L3’)2(OH).]** additional deprotonation events
are required, as the LUMO of this species shows no contribution from the hydroxyl
O-atoms (Fig. 4.18a).

Figure 4.18: LUMOs of the alpha and beta electrons of the species [Co'™(L3)2(OH)2]** (a), and the LUMOs of the alpha
and beta electrons of the species [Co''(HL3”)(L3%)(O")(OH)]?* (b). The LUMO of the beta electrons of the species
[Co"(HL3%)(L3)2(0")(OH)]* is mainly localized on the oxyl radical, indicating that this is the active species for
accepting the WNA. L3’ = 1H-imidazol-4-ylmethylenenimine-pheny!.

Proton transfer then occurs intramolecularly, whereby the basic N-atom of the imine
moiety of L3’ acts as H*-acceptor, yielding [Co''(HL3”)(L3”)(O")(OH)]?**, which

formally represents a Co''-oxyl radical. The formation of Co''-oxyl over Co'V-oxo

species has previously been reported for other Co'-based OER catalysts.>* This
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intramolecular proton transfer step requires a Gibbs energy of 0.20 eV, and the LUMO
of the species is mainly localized at the O-atom of the Co'"'-oxy! radical (Fig. 4.18b).

The alternative proton transfer from [Co'V(L3%)2(OH)2]?* to the bulk solution would
require a Gibbs energy of 1.69 eV, which renders this process highly unfavourable.
Hence, the reaction is expected to form [Co'"'(HL3)(L3*)(O")(OH)]?** followed by a
PCET event to yield [Co"(HL3”)(L3”)2(O0H)(OH)]?** requiring an overall Gibbs
energy of 1.29 eV.

Finally, the formation of the superoxide species [Co"'(HL3")(L3")2(00")(OH)]*" at
0.56 V facilitates O- evolution. The catalyst is then regenerated with H.O coordination,
intramolecular proton transfer and reformation of the Co — N bond. This final
mechanistic step is exergonic with a Gibbs free energy of —2.16 eV. This mechanism
defines the second PCET event as the potential-determining step, which has a theoretical
overpotential of 853 mV. This agrees well with the experimentally determined value of
846 mV to reach 1 mA/cm?2,
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4.4 Conclusion and Future Work

In this chapter, the synthesis and physicochemical characterisation of an imine-stabilised
Co"-based polygon [Co'"3(L3)2(H20)s]®* with a trigonal-disc-like structure is described. This
metallo-supramolecular compound assembles through an extensive network of halogen and
hydrogen bonding interactions to give rise to the halide-metal-organic framework structure
[Co'"3(L3)2(H20)6]Cls: DMF-6H,0 (12).

For the first time, catalytic studies have demonstrated that 12 is a competent catalyst for the
highly endergonic OER reaction under photo- and electrochemical conditions. A max.
TON =743 and TOF = 1.21 s were achieved in photocatalytic experiments, and under
electrocatalytic conditions, a low onset overpotential for catalytic H2O oxidation of 1 = 465
mV was observed. Post-catalytic characterisation of 12 following use in the light-driven OER
could not detect Co'" leaching into the supernatant, or the in-situ formation catalytically active
CoOx species or Co—Pi, strongly suggesting that 12 is a genuine WOC.

DFT calculations support the experimental data and attribute OER activity of 12 to a Co'"'-oxy!
species. This thermodynamic analysis also identified the beginning of a likely decomposition
pathway, as a Co — N bond is cleaved and reformed during the catalytic cycle. This finding is
in line with the detection of sub-components of the ligand L3 in the post-catalytic
reaction mixture using ESI mass spectroscopy. As 12 and other supramolecules are
generated through sub-component synthesis,* reversible disassembly/assembly cycles
may be applied in future H>O splitting systems to prepare catalysts with prolonged

activity, hence applying supramolecular concepts to create ‘self-healing” WOCs.>®
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5.1 Mn''-Based Supramolecular Assemblies
5.1.1 Introduction

The industrial-scale implementation of solar-to-fuel technologies is provisory on the cost-
effectiveness of such systems.!2 Research into non-noble metal-based H,O splitting catalysts
is therefore of great societal significance.® To date, numerous WOCs have been synthesised
using 1% row transition metals such as Mn*® Fe,%" Co,%° Ni,1%! Cu'?!?® and others.!**> While
significant progress has been made in this area in recent years, 1% row transition metal-based
WOCs are typically more labile than their noble metal-based counterparts.!® This presents an
obstacle to the development of robust and efficient WOCs based on 1% row transition metals

which are capable of withstanding the harshly oxidising conditions necessitated by the OER.

An additional technological challenge is presented by the replacement of the widely employed
noble metal-based PS’s such as [Ru(bpy)s]Cl2 or [Ir(bpy)s]Cl2 for light-driven H20 splitting
catalysis. Substitution of these well-established PS’s with cheaper, earth-abundant alternatives
may significantly lower the investment costs associated with artificial photosynthetic
systems.'® Noble metal-free chromophores explored in the literature include among others:
porphyrins,®2° phthalocyanines,?? Cu' species?? and semiconductors,?® all of which have

demonstrated photosensitising behaviour for either OER or HER catalysis.

Despite significant challenges, considerable scope remains to enhance transition metal-based
photocatalytic H,O splitting systems. For example, a promising design strategy to improve the
efficiency of state-of-the-art molecular artificial photosynthetic assemblies involves the direct
tethering of a PS to a WOC via either coordinative or covalent linkages.?* Karadas et al.
exemplified this approach with the linkage of the porphyrin PS 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphyrin (TPyP) to a Co-doped Prussian blue analogue via bridging Fe(CN)s
groups, giving the noble metal-free chromophore-catalyst assembly [CoFe-TPyP].2°® This
system was shown to sustain efficient light-driven photocatalytic OER activity in the presence

of a SEA for upwards of three hours.

With the aim of generating supramolecular assemblies comprising intrinsic chromophore-
catalyst dyads, a series of MMPFs composed of porphyrin linkers and potentially redox-active
SBUs were synthesised. This design strategy was achieved using H2.L1-M metalloporphyrins
(where M = Cu" or Ni'") as ligands in conjunction with Mn'!-based SBUs. These linkers were

selected due to the established utility of Cu'" and Ni'" metalloporphyrin complexes as PS’s for
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light-driven H>O splitting catalysis, and the redox properties, natural abundance and

environmental benignity of Mn led to this metal’s use.?%%’

In this section, the syntheses, crystal structures and physicochemical characterisation of four
novel Mn'"-based metallo-supramolecular assemblies constructed from H.L1-Cu'" (13 and 14)
or H2L1-Ni'" (15 and 16) ligands are discussed. Following on from this, an investigation into
the catalytic activities of 13 — 16 towards the light-driven OER and HER is described.

193



Chapter 5 — Porphyrin-Based Metallo-Supramolecular Systems

5.1.2 Synthesis, Characterisation and Catalytic Activity of Mn!'"L1-Cu'' Frameworks

Drawing inspiration from Nature’s paragon H20 splitting complex: PS 11, the applied synthetic
strategy encompassed the creation of supramolecular structures constructed from porphyrin
PS’s and Mn reaction centres.?®?° To achieve this aim, the dicarboxylic acid ligand HzL1-Cu"
was combined with a variety of Mn salts under a range of solvothermal conditions. This
approach resulted in the successful synthesis of two novel compounds: the 1D coordination
polymer [Mn'(HL1-Cu")(DEA).]-DEA (13, DEA = N,N-diethylacetamide), and the 2D
MMPF [Mn''(L1-Cu'")(MeOH),]-DEA-MeOH (14).

The formation of 13 and 14 is reproducible and proceeds in good yield. Both products
crystallise from the same reaction mixture and could not be manually separated as the crystals
are indistinguishable based on their physical appearance. Moreover, because these closely
structurally related compounds exhibit similar densities, attempts to purify 13 and 14 by
suspending them in an organic solvent of appropriate density were unsuccessful. Changing the
composition of the solvent system resulted in all of the suspended crystals simultaneously
sinking or floating. In this section the synthesis, crystal structures, physicochemical

characterisation and H2O splitting properties of 13 and 14 are described.
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5.1.2.1  Synthesis of [Mn''(HL1-Cu")2(DEA)]-DEA (13) and [Mn'(L1-
Cu')(MeOH),]-DEA-MeOH (14)

The 1D coordination polymer [Mn'(HL1-Cu'),(DEA).]-DEA (13) and the 2D MMPF
[Mn'(L1-Cu')(MeOH),]-DEA-MeOH (14) were synthesised in a reproducible reaction
between H,L1-Cu'" and MnClz-2H,0 in a mixture of DEA and MeOH. Heating this reaction
mixture under solvothermal conditions for three days, before slowly cooling to ambient
temperature afforded the formation of uniform rod-shaped crimson crystals of 13 and 14 in
good yield (40%). The crystals were of suitable quality for analysis using single crystal X-ray
diffraction.

5.1.2.2 Crystal Structure of [Mn''(HL1-Cu'")2(DEA)2]-DEA (13)

The crystal structure of 13 was solved in the monoclinic space group C2/c. 13 is a 1D
coordination polymer featuring linear chains which extend in parallel with the (-1-11)
crystallographic direction. 13 is characterised by octahedral Mn'' centres which are bridged by
linear, ditopic porphyrin (HL1-Cu')~ linkers (Fig. 5.1a). Each Mn'' centre in the crystal
structure of 13 is bridged by two (HL1-Cu'")~ ligands, which gives rise to polymeric chains of
mononuclear Mn'"' SBUs connected by ‘double-decker’ porphyrin moieties (Fig. 5.1b).

The asymmetric unit of 13 contains one Mn'"ion which has a crystallographic occupancy of ¥,
one singly-deprotonated (HL1-Cu'")~ metalloporphyrin linker, one DEA molecule which is
coordinated to the Mn'" centre and one crystallographically half-occupied DEA constitutional
solvent molecule. 13 is centrosymmetric, with the Mn'" ion locating on an inversion centre.
Each Mn'" centre in the polymer chain is coordinated by four carboxylate moieties of four

different bridging (HL1-Cu'") linkers, all of which adopt monodentate »* coordination modes.
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(@)

(b)

Figure 5.1: Ball-and-stick representation of the coordination polymer [Mn"(HL1-Cu')2(DEA).]-DEA (13) showing (a) the
polymer chain which extends in parallel with the crystallographic [-1-11] direction, and (b) Mn" centre coordinated by four
(HL1-Cu")™ linkers which adopt ‘double-decker’ configurations. Hydrogen atoms, constitutional and coordination solvent

have been omitted for clarity. Colour scheme: C white, N blue, O red, Mn pink, Cu orange.

A detailed representation of the coordination environment of the Mn'' centre Mn(1) in 13 is
displayed in Fig. 5.2. The binding geometry adopted by Mn(1) is distorted octahedral, and the
coordination sphere constitutes four carboxylate O-donors O(2), O(2"), O(4) and O(4’) of four
monodentate #* coordinating (HL1-Cu'")~ ligands, and two O-donors O(3) and O(3") of two
coordinated DEA solvent molecules. The carboxylate O-donors O(2), O(2"), O(4) and O(4")
coordinate at equatorial positions, whereas the two O-donors O(4) and O(4') which derive from
DEA solvent moieties coordinate trans with respect to one another and occupy axial positions
of the coordination sphere.

196



Chapter 5 — Porphyrin-Based Metallo-Supramolecular Systems

Figure 5.2: Ball-and-stick representation of the mononuclear Mn'" SBU of 13 and its coordination environment. Non-
hydrogen bonding hydrogen atoms, constitutional solvent molecules and coordinated solvent molecules have been omitted
for the purpose of clarity. Hydrogen bonds are represented as dashed red lines. Colour scheme: C white, H grey, O red,
Mn pink.

The bond distances between Mn(1) and each of the monodentate carboxyl(ate) derived O-
donors are 2.1521(2) A for Mn(1) — O(2) and Mn(1) — O(2’) and 2.1740(1) A for Mn(1) — O(4)
and Mn(1) — O(4’). The distance between the Mn'' centre and the O-donors of the DEA
coordination solvent moieties is 2.1541(1) A for Mn(1) — O(3) and Mn(1) — O(3’). The bond
angles surrounding Mn(1) that deviate most significantly from the ideal octahedral angle of
90° are 87.73(1)° and 93.25(1)° for O(2)-Mn(1)-O(4) and O(3)-Mn(1)-O(4), respectively.
These bond distances and angles render the coordination geometry of Mn(1) slightly distorted
octahedral. The values are within expected ranges, and are consistent with the bond distances

and angles of comparable Mn"-based carboxylate complexes reported in the literature.*

Hydrogen bonding interactions stabilise the structure of 13. These supramolecular forces
propagate parallel with the direction of the polymer chain and are highlighted in Fig. 5.2. Each
(HL1-Cu")" ligand forms two strong hydrogen bonds with two neighbouring (HL1-Cu'")"
linkers within the chain. The distance between the hydrogen bond donors and the hydrogen
bond acceptors within 13 is 2.4311(1) A, and the hydrogen bond angle O(1) — H---O(5") is
160.32(3)°. These values are consistent with hydrogen bond distances and angles reported in

the literature.31:32
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Neighbouring polymer chains in the crystal structure of 13 are stabilised by weak ©= — ©
interactions. The average distance between m — m stacking (HL1-Cu'")™ linkers of two
neighbouring polymeric strands is ca. 3.8 A, which is within the typical range for a weak = —n
interaction.® The interatomic distance between two connected Mn'' centres within a polymer
chain is 22.1630(6) A, and the distance between two (HL1-Cu')~ linkers within the same chain
isca. 6.8 A

The metalloporphyrin (HL1-Cu'")” moiety of 13 is shown in Fig. 5.3. The macrocycle adopts a
saddle-shaped configuration and features a central tetracoordinate Cu' ion Cu(1). The
coordination geometry of this ion is distorted square-planar, and the bond angles between Cu(1)
and the pyrrolic N-donors at opposite positions of the macrocycle’s internal cavity are
177.45(2)° and 176.56(2)° for N(1)-Cu(1)-N(3) and N(2)-Cu(1)-N(4), respectively. This slight
deviation from the ideal angle of 180° results in the non-planar arrangement of the linker, and
also allows the relatively small Cu'" ion to be accommodated within the metalloporphyrin’s

central cavity.

Figure 5.3: Ball-and-stick representation of the ditopic metalloporphyrin linker (HL1-Cu")". Hydrogen atoms have been
omitted for clarity. Colour scheme: C white, N blue, O red, Cu orange.
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The dihedral angle between the carboxylate functionalised meso phenyl rings on opposite
positions of the (HL1-Cu')™ linker is 11.53°. Similarly, the dihedral angle between the non-
functionalised meso phenyl rings on opposite sides of the (HL1-Cu'")" linker is 14.93°. This
configuration facilitates increased stabilisation of 13 through n — = stacking and hydrogen

bonding interactions.

The (HL1-Cu'™~ linker of 13 is deprotonated at two pyrrolic N — H moieties and one carboxylic
acid moiety. The central Cu" ion within the macrocycle gives the (HL1-Cu'")~ ligand an overall
charge of —1. As two (HL1-Cu")" linkers coordinate per metal ion in 13, Mn(1) must adopt an
oxidation state of +2 in order to preserve charge neutrality. BVS analysis calculations were

used to confirm the assignments of the oxidation states of the Mn'' and Cu" ions in 13.

The packing of 13 is illustrated in Fig. 5.4. Fig. 5.4a shows densely packed polymer chains
which interdigitate, and small channels that extend in parallel with the crystallographic b-axis.
Fig 5.4b depicts the layered architecture of 13: Adjacent polymer chains stack on top of each
other and are stabilized through = — & stacking interactions which extend in the direction of the
crystallographic b-axis. These interactions generate a 2D supramolecular framework. The
distance between porphyrin moieties of adjacent stacking polymer strands varies between
3.65— 4.28 A, which is consistent with distances reported in the literature for weak © —

stacking interactions.3*33

199



Chapter 5 — Porphyrin-Based Metallo-Supramolecular Systems

@ ) 4

2L

¥ -
* il <
3*}:3.% SRR
N

I B e oS auy s 82 0 o auy wp s St LB,
H e feu ) %w’ﬁmd’w ! %\ O voufoe LY %\ Ovofen ¥
YOOy YOy p T O Oy
ST P g ‘2%\ Ot %w’%.).w %w Ot
YOOy YOO POy OOy
4 oY %“\ ﬁm-.-lw \%ﬂ (OtemefoenLY \Z%Qumlw

g

Figure 5.4: Ball-and-stick representation of the packing arrangement of 13 in the crystal structure showing (a)
interdigitation between neighbouring polymer strands and (b) the 2D layered structure which is stabilised through © — n
stacking interactions that extend approximately in the direction of the crystallographic c-axis. Constitutional solvent
molecules, coordination solvent molecules and non-hydrogen bonding hydrogen atoms have been omitted for clarity.
Colour scheme: C white, H grey, N blue, O red, Mn pink, Cu orange.
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5.1.2.3 Crystal Structure of [Mn"(L1-Cu'")(MeOH)2]-DEA-MeOH (14)

The 2D MMPF [Mn'(L1-Cu")(MeOH).]-DEA-MeOH (14) was identified as a 2" product
generated from the reproducible reaction which afforded the formation of 13. Rod-shaped
crimson crystals of 14 of suitable quality for single crystal X-ray analysis were obtained from
the reaction outlined in section 5.1.2.1, allowing the crystal structure of 14 to be solved in the

triclinic space group P1.

The asymmetric unit of 14 comprises one octahedral Mn'" centre, to which one (L1-Cu')?"
linker and two MeOH molecules coordinate. One DEA constitutional solvent molecule and one

MeOH constitutional solvent molecule were also located in the asymmetric unit of 14.

The MMPF 14 displays a 2D sheet architecture, featuring rod-shaped SBUs which extend
infinitely in parallel with the direction of the crystallographic a-axis (Fig. 5.5). The SBU of 14
is composed of a chain of octahedrally coordinated Mn'" ions, each of which are bridged by
four carboxylate moieties which derive from four different (L1-Cu')>" linkers. The bridging

carboxylate functionalities of 14 adopt syn-syn bridging, u2-':#* binding modes.

Figure 5.5: Ball-and-stick representation of the rod-shaped SBU of 14 which comprises an infinite 1D chain of
octahedrally coordinated Mn'' centres. Mn" ions within the SBU of 14 are linked through the syn-syn bridging carboxylate
moieties of (L1-Cu")?" ligands. Hydrogen atoms, coordination solvent molecules and constitutional solvent molecules
have been omitted for clarity. Colour scheme: C white, O red, Mn pink. Mn'! centres are represented as blue polyhedra.
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The SBUs of 14 stack parallel, and each SBU is connected to two other SBUs via ditopic (L.1-
Cu'?" linkers. This connectivity generates the 2D architecture of 14 which is shown in Fig.
5.6. The structure is stabilised by parallel-displaced = — & stacking interactions which extend
approximately in parallel with the direction of the crystallographic a-axis. These interactions
occur between adjacent porphyrin linkers within a 2D sheet which are separated by a distance
of ca. 3.6 A. The interatomic distance (Mn'" — Mn'"") between two connected rod-shaped SBUs
of 14 is ca. 21.8 A, whilst the interatomic distance between each Mn" centre and the next Mn"
centre in a rod-shaped chain is ca. 4.6 A.

Figure 5.6: Ball-and-stick representation of the 2D sheet structure of 14 which is comprised of rod-shaped SBUs
connected through (L1-Cu")?" linkers. Crystallization solvent molecules, coordination solvent molecules and hydrogen
atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Mn pink, Cu orange. Mn'' centres are shown

as blue polyhedra.

A detailed representation of the coordination environment of the Mn"' centre Mn(1) in the SBU
of 14 is displayed in Fig. 5.7. Mn(1) adopts a distorted octahedral coordination geometry. The
coordination environment of Mn(1) comprises four O-donors O(1), O(3), O(5) and O(6) which
derive from four syn-syn bridging, z2-»*:5* binding carboxylate functionalities of four different
(L1-Cu™? linkers. The coordination sphere of Mn(1) is completed by two O-donors O(2) and
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O(4) that derive from two coordinated MeOH solvent moieties which occupy positions which

are cis with respect to one another.

Figure 5.7: Ball-and-stick representation of the coordination environment of the Mn'" centre Mn(1) of 14. Solvent of
crystallisation, coordinated solvent molecules and hydrogen atoms have been omitted for clarity. Colour Scheme: C white,
O red, Mn pink.

The bond distances between Mn(1) and each of the four carboxylate O-donors are 2.1721(1)
A, 2.1640(1) A, 2.1507(6) A and 2.1574(1) A for Mn(1) — O(1), Mn(1) — O(3) Mn(1) — O(5)
and Mn(1) — O(6), respectively. In contrast, the bond distances between Mn(1) and the O-
donors which derive from coordinated MeOH molecules are 2.2275(1) A and 2.2163(1) A for
Mn(1) — O(2) and Mn(1) — O(4), respectively. The relatively longer metal-oxygen bond lengths
at the solvent coordination sites indicates that substitution of the more labile MeOH moieties
may be possible. Exchange of these coordinated solvent molecules with a suitable substrate

such as H2O could precede catalytic transformations using 14.

The bond angles which surround Mn(1) which deviate most significantly from the ideal
octahedral angle of 90° are 86.37(4)° and 100.43(4)° for O(3)-Mn(1)-O(4) and O(1)-Mn(1)-
O(3) respectively. Further, the bond angle surrounding Mn(1) exhibiting the greatest deviation
from the ideal octahedral angle of 180° is 161.10(4)° for O(3)-Mn(1)-O(6). The bond distances

and angles which surround Mn(1) render its coordination geometry distorted octahedral, and
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are comparable with the bond distances and angles of other literature reported Mn' —

carboxylate complexes.3%-%2

The (L1-Cu™?" linker in 14 is shown in Fig. 5.8. The metalloporphyrin ligand exhibits a saddle-
shaped configuration and contains a central tetracoordinate Cu'' ion Cu(1). The bond angles
between Cu(1) and the pyrrolic N-donors on opposite positions of the macrocycle’s internal
cavity are 172.08(5)° and 171.85(5)° for N(1)-Cu(1)-N(3) and N(2)-Cu(1)-N(4), respectively.

These bond angles render the coordination geometry of Cu(1) distorted square planar.

Figure 5.8: Ball-and-stick representation of the dicarboxylate metalloporphyrin (L1-Cu")?". Hydrogen atoms have been

removed for clarity. Colour scheme: C white, N blue, O red, Cu orange.

The dihedral angle between the carboxylate functionalised meso phenyl rings on opposite
positions of the (L1-Cu')?" linker is 26.5°, whereas the non-functionalised meso phenyl rings
on opposite sides of the (L1-Cu')?" linker are more staggered with a dihedral angle of 42.8°.

This configuration facilitates increased stabilisation of 14 through  — = stacking interactions.
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The (L1-Cu')?> linkers in 14 are stabilized by two types of © — m stacking interactions: In
addition to the parallel displaced n — z stacking interactions between porphyrin moieties within
the same 2D sheet, T-shaped  — = stacking interactions occur between the non-functionalised
meso phenyl rings and the tetrapyrrolic ring systems of porphyrin moieties of adjacent 2D
layers. These interlayer interactions propagate in the direction of the crystallographic b-axis
and extend the 2D structure into a 3D supramolecular framework. The distance between n — =«
stacking porphyrin moieties in 14 is within the range of ca. 3.4 — 3.9 A, which is consistent
with other © — & stacking interactions reported in the literature.3433

The ditopic (L1-Cu'")*" linker is deprotonated at its two carboxylate binding sites, giving the
linker a charge of —2. The porphyrin ligand is also deprotonated at its two N — H moieties,
however this negative charge is balanced by the Cu'" ion Cu(1). As one porphyrin linker
coordinates per metal centre in the crystal structure of 14, it would be anticipated for Mn(1) to
adopt an oxidation state of +2 to satisfy charge neutrality. The assignment of the oxidation

states of the Mn'' and Cu" ions in 14 was confirmed using BVS analysis calculations.

The packing of 14 in the crystal structure is displayed in Fig. 5.9. 2D sheets of 14 pack densely
in the structure and porphyrin moieties interdigitate with neighbouring layers. Fig. 5.9a
highlights small channels filled with constitutional solvent molecules which extend between
layers in the direction of the crystallographic a-axis. The layered architecture of 14 is also
depicted in Fig. 5.9b, in which infinite rod-shaped Mn'' chains zig-zag and extend in parallel
with the crystallographic a-axis. The average distance between two neighbouring 2D sheets in
14isca. 145 A.
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(b)

Figure 5.9: Ball-and-stick representation of the packing arrangement of 14 showing the structure’s layered architecture.
Solvent of crystallization, coordinated solvent molecules and hydrogen atoms have been omitted for clarity. Colour

scheme: C white, N blue, O red, Mn pink, Cu orange. Mn'' centres are shown as blue polyhedra.
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5.1.2.4 Physicochemical Characterisation of 13 and 14

As [Mn"(HL1-Cu")2(DEA)2]-DEA (13) and [Mn'"(L1-Cu'")(MeOH),]-DEA-MeOH (14) have
similar empirical compositions, form under the same reaction conditions and are
indistinguishable based on their physical appearance, it is was necessary to characterise both
materials as a mixture. In this section, the characterisation of a mixture of 13 and 14 using IR

spectroscopy, TGA and PXRD analysis are described.
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Infrared Spectroscopy

An FT-IR spectrum of 13 and 14 is presented in Fig. 5.10. Broad weak signals above 3000
cm™* can be attributed to O — H stretching vibrations from the hydrogen bonding (HL1-Cu')~
linkers of 13, and from the constitutional MeOH solvent molecules of 13 and 14 which
participate in hydrogen bonds.*® A band at 2978 cm™ can be associated with aromatic C — H
stretching vibrations of the metalloporphyrin ligands of 13 and 14. A signal at 1607 cm™ can
be assigned to a C = O stretching vibration of the DEA moieties of 13 and 14.3% A band at 1581
cm™ can be associated with a carbonyl stretching vibration from the non-bridging #»*
carboxylate moiety of 13.3” Two strong signals at 1536 and 1398 cm™ can be assigned to the
asymmetric and symmetric stretching vibrational modes, respectively, of the bridging
carboxylate moiety of 14.%8 Finally, a sharp signal at 1001 cm™ can be assigned to an in-plane

deformation (ring breathing) of the (L1-Cu')?" linker.*

831---
==

Transmission (%)

795----

697--

50 T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 5.10: FT-IR spectrum of a mixture of 13 and 14.
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Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted on a crystalline sample of 13 and 14 under
a constant stream of N2 within a temperature range of 25 - 800 °C. The resulting TGA trace is
plotted in Fig 5.11. When heated from 25 - 160 °C, the sample undergoes a weight loss of 3.4%
which can be attributed to the loss of two constitutional MeOH solvent molecules (calculated:
3.0% for 13 or 5.1% for 14). Other constitutional crystallisation solvent molecules are likely to
have been lost before the TGA was performed. The next thermogravimetric step occurs
between 160 — 450 °C and is associated with a weight loss of 12.6%. This can be accounted
for by the loss of two DEA coordination solvent molecules from 13 and two MeOH
coordination solvent molecules from 14 (calculated: 12.1% for 13 and 19.0% for 14). Further
heating of the mixture beyond 450 °C results in thermal decomposition of the product in two
stages: Degradation of the organic components occurs from 450 — 520 °C and increasing the
temperature above 520 °C can be associated with the formation of metal oxide species. As the
magnitude of the thermal decomposition steps are more similar to the expected values for 13

than 14, it can be assumed that the analysed sample contains a higher proportion of 13 than 14.
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Figure 5.11: TGA trace of a mixture of 13 and 14.
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Powder X-Ray Diffraction Analysis

The powder X-ray diffraction (PXRD) pattern of a mixture of 13 and 14 (black) is compared
with two simulated powder spectra which were calculated using the single crystal X-ray
diffraction data of 13 (red) or 14 (blue) in Fig. 5.12. Upon removal of 13 and 14 from the
mother liquor, the sample rapidly desolvates. Therefore, the sample was sealed inside a glass
capillary before measuring. The experimentally obtained powder pattern agrees with the
simulated spectra, as all of the signals of highest intensity in the measured powder pattern can
be located in the calculated powder patterns of either 13 or 14. Signals at 26 = 6.5° and 9.1° in
the measured spectrum can be assigned to 13, and a signal at 20 = 8.7° can be attributed to 14.
The fine structure is not completely resolved in the PXRD spectrum of 13 and 14, which may
result from preferred orientation effects in the sample or unrefined disordered solvent
molecules in 13 and 14. Based on the relative intensities of the signals assigned to 13 and 14,

the composition of the analysed sample can be estimated to contain a 2:1 ratio of 13 to 14.
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Figure 5.12: PXRD analysis comparing an experimentally obtained spectrum of a mixture of 13 and 14 (black) with
simulated PXRD patterns calculated using the single crystal X-ray diffraction data of 13 (red) and 14 (blue).
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5.1.2.5 Catalytic Properties of 13 and 14

A mixture of 13 and 14 was screened for light-induced OER and HER activity to ascertain
whether further catalytic studies whereby each compound would be isolated and investigated
were warranted. Several attributes of the supramolecular assemblies 13 and 14 prompted this
investigation: Firstly, both structures feature potentially redox-active Mn''-based SBUs which
are tethered to metalloporphyrin complexes that may serve as PS’s for H>O splitting
reactions.?®4° In addition, the coordination spheres of the Mn" ions within the SBUs of 13 and
14 are partially occupied by labile solvent moieties. Exchange of these solvent molecules for

either H2O or H* substrates could precede OER or HER processes, respectively.

The Cu'-based metalloporphyrin linkers of 13 and 14 represent another potentially viable
catalytic constituent of these compounds. Notably, similar macrocyclic moieties have been
employed as WOCs, indicating that the (L1-Cu'")?" ligands of 13 and 14 could display OER
activity.*3#! Finally, the metals Cu and Mn from which 13 and 14 are constructed are earth-
abundant and environmentally benign. This array of favourable attributes led to 13 and 14 being
examined as potential H.O splitting photocatalysts. The results of this investigation are

discussed in this section.

Initially, 13 and 14 were screened for catalytic activity towards the light-driven OER according
to an modified literature protocol, and without the use of an external PS.*? Prior to catalytic
experiments, large individual crystals of 13 and 14 were manually picked, washed with H20
and ground into a fine powder using a mortar and pestle. The powder (2 mg) was then added
to an agqueous phosphate-buffered solution (5 mL, 0.01 M, initial pH = 7) containing Na2S20s
SEA (10 mM), before hermetically sealing this mixture inside a reaction vessel. The suspension
was subsequently deoxygenated and irradiated using either a violet (A = 405 nm) or a white
(A =390 — 700 nm) LED while the dissolved O2 concentration was simultaneously monitored
in real-time using a Clark electrode. Unfortunately, the amount of O, evolved in this
experiment was approximately equal to the quantity of O, released in a control experiment
without 13 and 14 in the reaction mixture. Therefore, the experimental conditions were
modified.

Unsuccessful attempts to use 13 and 14 as molecular chromophore-catalyst assemblies led to
the photocatalytic OER experiment to be repeated, however with the addition of an external
PS. O evolution experiments were replicated as described above, however

[Ru(bpy)2(deeb)](PFs)2 PS (2 mg) was also added to the reaction mixture and the suspension
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was irradiated using a blue LED (A = 470 nm). The kinetics of light-driven O evolution by a
mixture of 13 and 14 (0.2 mg) in the presence of a [Ru(bpy)2(deeb)](PFs)2 PS and Na,S;0s
SEA are displayed in Fig. 5.13 (orange). The kinetics of a control experiment in which 13 and
14 were not added to the reaction vessel are also plotted for comparison (black).

Fig. 5.13 reveals that upon irradiation, the reaction mixture evolves O for ca. 2 minutes, before
the detected O> concentration inside the reactor reaches a plateau. The total quantity of O>
evolved by 13 and 14 (72.5 nmol) is significantly higher than the O yield of a control
experiment in which no catalyst was added. However, this reaction is not truly catalytic as the
TON <1 (TON =0.67 or 0.36 based on the molar masses of 13 and 14, respectively). The TOF
of the reaction was calculated as 2 x 10~ s™* based on the molar mass of 13 or 103 using

the molar mass of 14.
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Figure 5.13: Kinetic monitoring (Clark electrode) of the light-driven OER using a mixture of [Mn''(HL1-
Cu')2(DEA)2]-DEA (13) and [Mn'(L1-Cu'")(MeOH).]-DEA-MeOH (14) (0.2 mg, orange). The kinetics of Oz evolution
of a control experiment without 13 and 14 is also plotted for comparison (black). Conditions: LED light source (A = 470,
10 mW cm-?), [Ru(bpy)2(deeb)](PFs)2 PS (2 mg), Na2S20s SEA (10 mM) in a phosphate-buffered aqueous solution (5 mL,

0.01 M, initial pH = 7). Reaction temperature and stirring rate were maintained at 25 °C and 500 rpm, respectively.
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For the TON and TOF values reported for 13 and 14, the assumption was made that all of the
catalysts’ active sites are exposed to the substrate during catalysis. However, as 13 and 14 are
non-porous heterogeneous catalysts, this approximation is unlikely to hold true. Therefore, the
potential TONs and TOFs of 13 and 14 are most likely significantly higher than the values
quoted. However, due to the low O yield, slow OER kinetics exhibited by 13 and 14, and
because of the difficulty associated with characterising catalytic samples comprising multiple
potentially active compounds, no further OER investigations were conducted using these

compounds.

In addition to screening 13 and 14 for OER catalytic activity, the materials were also examined
as potential catalysts for the light-driven HER. H> evolution experiments were conducted
according to the same methodology described for H>O oxidation experiments with some
modifications: The Oz sensing electrode employed in OER experiments was substituted for a
H> sensing microsensor (Unisense H>-NP), and the Na>S>,Og SEA was replaced with a SED
such as MeOH, ascorbic acid (AscH), triethylamine (TEA) or triethanolamine (TEOA). The
precise reaction conditions employed were adapted from well-established literature protocols,
and are documented in Table 5.1.43444546 Unfortunately, mixtures of 13 and 14 did not exhibit

HER activity under any of the applied conditions.
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Table 5.1 — Reaction conditions used to asses the light-driven HER activity of 13 and 14.

External Buffer Solution/  Irradiation Evolved
Catalyst - SED
Photosensitiser Solvent System (A, nm) H2
13 and 14 AscH  Aqueous NaPi buffer
None 405 None
(0.1 mg) (0.3M) (5mL,1M,pH=6)
13 and 14 AscH  Aqueous NaPi buffer
None 390 — 700 None
(0.1 mg) 0.3M) (5mL,1M,pH =6)
13and 14 [Ru(bpy)2(deeb)] AscH  Aqueous NaPi buffer 470 <1 nmol
(0.1 mg) (PFe)2 (2 mg) (0.3M) (5mL,1M,pH=6) Evolved
13 and 14 Ru(bpy)s]Cl2 MeOH  Aqueous NaPi buffer
470 None
(0.1 mg) (2 mg) (ImL) (4mL,1M,pH=6)
13 and 14 [Ru(bpy)z]Cl2 TEA  Aqueous NaPi buffer
470 None
(0.1 mg) (2 mg) (05mL) (5mL,1M,pH=6)
13 and 14 [Ru(bpy)s]Cl- TEOA  Acetonitrile (4.5 mL)
470 None
(0.1 mg) (2 mg) (0.4mL) and H20 (0.1 mL)

In this section, the synthesis and crystal structures of two Mn'-based supramolecular

assemblies constructed from H,L1-Cu'" linkers (13 and 14) were described. Elucidation of the

crystal structures of 13 and 14 using single crystal X-ray diffraction revealed that 13 is a 1D

coordination polymer and 14 is a 2D MMPF. As 13 and 14 form as an inseparable mixture

under identical reaction conditions, the materials were characterised together using FT-IR

spectroscopy, TGA and PXRD analysis. Examination of the crystal structures of 13 and 14 led

to the identification of these compounds as potential H2O splitting catalysts. Subsequent

screening for activity towards the light-driven OER or HER revealed that these materials show

only moderate, non-catalytic O evolution behaviour, and do not exhibit HER activity under a

range of experimental conditions.
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5.1.3 Synthesis, Characterisation and Catalytic Activity of Mn'""L1-Ni'' Frameworks

Following on from the synthesis of the two bioinspired metallo-supramolecular assemblies 13
and 14, a similar synthetic strategy was adopted using either H2L1-Pt" or HoL1-Ni'" as ligands
in place of HoL1-Cu'". The motivation for this was to determine whether assemblies which are
isoreticular to 13 and 14 could be generated using alternative metalloporphyrin ligands, and to
investigate how the catalytic properties of these novel structures would relate to the catalytic

activity of their HoL1-Cu"-based analogues.

Initial synthetic efforts used H,L 1-Pt' as a ligand due to the established attractive photoredox
properties of similar Pt"" porphyrin complexes.'®*’ However, despite exploring an extensive
range of synthetic conditions, crystals of suitable quality for X-ray analysis could not be
obtained from reactions between H,L1-Pt"" and a range of Mn" salts. This outcome could be
explained by the distortion effects exerted on metalloporphyrin moieties by their central metal
ions. Porphyrin complexes of relatively small ions (such as Cu'' or Ni'") typically adopt saddle-
shaped or ruffled configurations. Such configurations decrease the size of the macrocycle’s
internal cavity, allowing smaller ions to be accommodated.*® Conversely, for porphyrin
complexes of larger ions such as Pt", planar configurations are often energetically more

favourable.*®

It can then be postulated that if a prerequisite for the self-assembly of 13 and 14 is the saddle-
shaped configurations of the metalloporphyrin linkers, then the use of planar porphyrin ligands
such as HzL1-Pt"" may impede the formation of frameworks which are isoreticular to 13 and
14. Further, it follows that metalloporphyrin complexes comprising smaller ions such as Ni"
are likely to adopt similar configurations to H,L 1-Cu'"!, and therefore may be used to synthesise
novel frameworks which are isostructural to 13 and 14. Additionally, the established
photosensitising?® and OER catalytic® behaviour of Ni'-based metalloporphyrins make them

attractive building units for incorporation within supramolecular H20 splitting assemblies.

The adoption of this strategy led to the successful synthesis of a further two Mn'-based
supramolecular structures using HzL1-Ni" as a ligand. The synthesis, crystal structures,
physicochemical characterisation and catalytic properties of a coordination polymer
[Mn"'(HL1-Ni'")2(DMF).]-3DMF (15) which is isoreticular to compound 13, and a 2D MMPF
[Mn"(L1-Ni'")(DMF),]-4DMF (16) which is structurally related to compound 14 are discussed
in this section. As with 13 and 14, 15 and 16 form as an inseparable mixture under identical

reaction conditions.
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5.1.3.1 Synthesis of [Mn''(HL1-Ni'""2(DMF):]-3DMF (15) and [Mn'"(L1-
Ni'"")(DMF)2]-4DMF (16)

The 1D coordination polymer [Mn'(HL1-Ni'"),(DMF);]-:3DMF (15) and the 2D MMPF
[Mn'(L1-Ni")(DMF).]-4DMF (16) were synthesised in a reproducible reaction between HoL 1-
Ni' and MnCl,-2H,0. Heating these reactants in a solution of DMF for three days under
solvothermal conditions afforded the formation of uniform, crimson rod-shaped crystals of 15
and 16 which were indistinguishable by their appearance. The crystals formed in moderate

yield (35%) and were suitable for analysis using single crystal X-ray diffraction.

5.1.3.2 Crystal Structure of [Mn''(HL1-Ni'")2(DMF).]-3DMF (15)

The crystal structure of 15 was solved in the triclinic space group P1. Structurally, 15 is similar
to the polymer 13 which was solved in the monoclinic space group C2/c. 15 is a 1D
coordination polymer which extends in parallel with the (-1-11) crystallographic direction and
features octahedrally coordinated Mn'' centres which are doubly bridged by singly-
deprotonated linear ditopic porphyrin (HL1-Ni')~ linkers (Fig. 5.14a). Two (HL1-Ni'")" linker
moieties bridge each Mn'" ion, generating polymeric chains of 15 that are characterised by
‘double-deckers’ of bridging (HL1-Ni')~ ligands (Fig. 5.14b).

The asymmetric unit of 15 contains one Mn'" ion with a crystallographic occupancy of ¥, one
singly-deprotonated (HL1-Ni'")™ metalloporphyrin linker, one coordinated DMF solvent
molecule and three constitutional DMF solvent molecules. 15 is centrosymmetric, with the
Mn'!' centre locating on an inversion centre. As in 13, the Mn'"ion of 15 is coordinated by four
carboxylate moieties of four different bridging (HL1-Ni'")™ linkers, each of which adopts

monodentate #* coordination modes.
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£ o4

Figure 5.14: Ball-and-stick representation of the coordination polymer [Mn"(HL1-Ni')2(DMF)2]-3DMF (15) showing
(a) the polymer chain which extends in parallel with the crystallographic (-1-11) direction, and (b) Mn'' centre bridged by
four (HL1-Ni")~ ligands which are arranged in ‘double-decker’ configurations. Constitutional solvent and hydrogen atoms

have been omitted for clarity. Colour scheme: C white, N blue, O red, Mn pink, Ni teal.

The Mn'" centre of 15 Mn(1) has a distorted octahedral coordination geometry and is illustrated
in Fig. 5.15. The coordination environment of Mn(1) is composed of four carboxylate O-donors
0(2), 0(2"), O(4) and O(4") of four separate monodentate #* coordinating (HL1-Ni'")~ ligands,
and two O-donors O(3) and O(3’) of two DMF coordination solvent molecules. The four (HL1-
Ni')™ carboxyl(ate)-derived O-donors O(2) and O(2'), O(4) and O(4") occupy the four
equatorial positions of the coordination sphere of Mn(1), whilst two O-donors O(4) and O(4')
of two DMF moieties coordinate trans with respect to one another and occupy axial positions
of the coordination sphere.
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Figure 5.15: Ball-and-stick representation of the coordination environment of the Mn" ion Mn(1) in 15. Solvent of
crystallization and non-hydrogen bonding hydrogen atoms have been omitted for clarity. Hydrogen bonds are represented
as red dashed lines. Colour scheme: C white, H grey, N blue, O red, Mn pink.

The bond distances between Mn(1) and each of the monodentate carboxyl(ate)-derived O-
donors are 2.1555(1) A for Mn(1) — O(2) and Mn(1) — O(2"), and 2.1536(1) A for Mn(1) —
O(4) and Mn(1) — O(4’). The bond distance between the Mn'" centre and each of the O-donors
of the DMF solvent moieties is 2.1516(1) A for Mn(1) — O(3) and Mn(1) — O(3”). The bond
distances surrounding Mn(1) fall within the range 2.1516(1) — 2.1555(1) A, which gives the
Mn'! centre of 15 a slightly distorted octahedral coordination geometry. The bond angles which
surround Mn(1) that deviate most significantly from the ideal octahedral angle of 90° are
85.50(3)° and 94.50(3)° for O(2)-Mn(1)-O(4) and O(2)-Mn(1)-O(4"), respectively. The bond
distances and angles which characterise Mn(1) are similar to the bond distances and angles
surrounding the Mn'"ion of 13, and are consistent with the values reported for other Mn'-based

carboxylate complexes reported in the literature.3°2

The (HL1-Ni")~ linker of 15 adopts a saddle-shaped configuration which is shown in Fig. 5.16.
The central Ni'" ion Ni(1) of the metalloporphyrin exhibits a distorted square-planer
coordination geometry. The bond angles between the central Ni' ion Ni(1) and the pyrrolic N-
donors on opposite corners of the macrocyclic cavity are 174.80(5)° and 175.64(5)° for N(1)-
Ni(1)-N(3) and N(2)-Ni(1)-N(4), respectively. These angles deviate from the ideal octahedral

angle of 180° to a greater extent in comparison with the equivalent bond angles of 13. This is
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in line with expectations, as the (HL1-Ni")~ linker of 15 is less planar than the (HL1-Cu'")
moiety of 13.

Figure 5.16: Ball-and-stick representation of the linear ditopic metalloporphyrin (HL1-Ni")" linker moiety of 15.
Hydrogen atoms have been removed for clarity. Colour scheme: C white, N blue, O red, Ni teal.

The dihedral angle between the carboxylate functionalised meso phenyl rings on opposite
positions of the (HL1-Ni'")~ ligand is 70.49°, whereas the dihedral angle between the non-
functionalised meso phenyl rings on opposite sides of the linker is 75.55°. This configuration
facilitates increased stabilisation of 15 through m — = stacking and hydrogen bonding
interactions. The meso phenyl groups of (HL1-Ni'")~ are more staggered than the equivalent

moieties of the (HL1-Cu'")~ linker of 13, which are more eclipsed on average by ca. 60°.

(HL1-Ni")" linkers of neighbouring polymer chains are stabilised through © — = stacking
interactions, and the average distance between metalloporphyrin moieties of two stacking

chains is ca. 3.7 A. This distance is within the expected range for = — x stacking interactions.
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The distance between two connected Mn'" ions in a polymer chain is 22.0208(7) A, and the

separation between two (HL1-Ni")™ linkers of the same chain is ca. 6.5 A.

The charge of 15 is balanced in the same manner as compound 13: Each (HL1-Ni")" linker is
deprotonated on one of its two binding sites giving a charge of —1. Two porphyrin ligands
coordinate per metal centre in the crystal structure of 15, therefore the oxidation state +2 is
assigned to Mn(1) in order for the charge of the polymer to be neutral. BVS analysis
calculations corroborate the assignment of the +2 oxidation state of Mn(1). The porphyrin ring
has been deprotonated at two N — H moieties inside the porphyrin ring, giving a charge of —2.
This negative charge is balanced by the square planar Ni'' ion which occupies the central cavity
of the macrocycle. The assignment of the +2 oxidation state to the Ni'' metal ion was also

confirmed using BVS analysis.

The packing of 15 in the crystal structure is depicted in Fig. 5.17. The packing diagram shows
densely packed polymer chains in which porphyrin moieties interdigitate (Fig. 5.17a). Fig.
5.17b shows the layered architecture of 15: Adjacent layers stack on top of each other and are
stabilized through m — = interactions. These interactions extend in the direction of the
crystallographic a-axis forming a 2D supramolecular framework. Interatomic distances
between neighbouring stacking porphyrin moieties are within the range of ca. 3.7 — 4.3 A,

which is within the expected range for = — & stacking interactions.3433
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Figure 5.17: Ball-and-stick representation of the packing arrangement of 15 in the crystal structure revealing (a)
interdigitation between neighbouring polymer strands viewed in the direction of the crystallographic a-axis and (b) the
2D layered architecture which is stabilised by m — m stacking interactions viewed in the direction of the crystallographic
b-axis. Hydrogen atoms, constitutional solvent molecules and coordination solvent molecules have been omitted for the

purpose of clarity. Colour scheme: C white, N blue, O red, Mn pink, Ni teal.
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5.1.3.3 Crystal Structure of [(Mn''(L1-Ni')(DMF).]-4DMF (16)

The MMPF [(Mn"(L1-Ni")(DMF).]-4DMF (16), which is isoreticular to 14, was obtained
from the same reaction that afforded the formation of 15. 16 was solved in the triclinic crystal
system in the space group P1. The asymmetric unit of 16 comprises two crystallographically
independent octahedrally coordinated Mn'" centres, two (L1-Ni")?~ ligands, four coordinated
DMF solvent molecules and four DMF crystallisation solvent molecules that locate within the

small channels which extend between the 2D layers of 16.

16 is a 2D MMPF which is characterised by infinite rod-shaped SBUs which extend in parallel
with the crystallographic b-axis. The SBU of 16 (Fig. 5.18) is composed of an infinite chain of
octahedrally coordinated Mn'"' centres. Akin to 14, each of these Mn'"" ions are bridged by four

syn-syn bridging, u2-n*:x* binding carboxylate moieties from four distinct (L1-Ni'")*~ linkers.

c
¢

» b

i

Figure 5.18: Ball-and-stick representation of the rod-shaped SBU of 16 which comprises an infinite 1D chain of
octahedrally coordinated Mn'' centres that are bridged by syn-syn carboxylate functionalities of (L1-Ni")>" ligands.
Coordinated solvent molecules and hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O

red, Mn pink. Mn" centres are represented as blue polyhedra.
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In a similar manner to 14, the SBUs of 16 stack in parallel and are each connected to two other
SBUs via ditopic (L1-Ni')?>" linkers, giving rise to the 2D layered structure of 16 (Fig. 5.19).
The distance between each of the rod-shaped SBUs (Mn" --- Mn'"") within 16 is ca. 22.2 A.

Figure 5.19: Ball-and-stick representation of the 2D layered structure of 16. The 2D layers are comprised of rod-shaped
SBUs, each of which is bridged by ditopic (L1-Ni'")>~ linkers. Crystallization solvent molecules, coordination solvent
molecules and hydrogen atoms have been omitted for clarity. Colour scheme: C white, N blue, O red, Mn pink, Ni teal.

Mn'" centres are represented as blue polyhedra.

The coordination environments of the two crystallographically distinct Mn'' centres in the SBU
of 16 are displayed Fig. 5.20. The coordination sphere of Mn(1) comprises four O-donors O(2),
0(3), O(10) and O(12) which derive from the syn-syn bridging, uz-#*:#* binding carboxylate
functionalities of four distinct (L1-Ni')?" linkers, and two O-donors O(1) and O(11) of two

DMF solvent molecules which coordinate cis with respect to each other.

Similarly, the coordination environment of Mn(2) is composed of four carboxylate O-donors
0O(4), O(6), O(8) and O(9) from four (L1-Ni")?>" ligands and two O-donors O(5) and O(7) which
derive from two cis-coordinated DMF molecules. The interatomic distance Mn(1) --- Mn(2) is
4.8301(4) A.
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Figure 5.20: Ball-and-stick representation of the coordination environment of the two crystallographically distinct Mn"
centres Mn(1) and Mn(2) of 16. Solvent of crystallization, coordinated solvent and hydrogen atoms have been omitted for
clarity. Colour scheme: C white, O red, Mn pink.

The bond distances between Mn(1) and each of the four carboxylate O-donors are 2.1289(6)
A, 2.1568(8) A, 2.1442(6) A and 2.1366(7) A for Mn(1) — O(2), Mn(1) — O(3) Mn(1) — O(10)
and Mn(1) — O(12), respectively. However, the distances between Mn(1) and the O-donors of
the coordinated DMF moieties are slightly longer: The bond distance Mn(1) —O(1) is 2.2633(6)
A, and the bond distance Mn(1) — O(11) is 2.2409(7) A.

The bond angles surrounding Mn(1) which exhibit the greatest deviation from the ideal
octahedral angle of 90° are 81.75(5)° and 100.57(4)° for O(11)-Mn(1)-O(12) and O(3)-Mn(1)-
0(10), respectively. The bond angle surrounding Mn(1) deviating most significantly from the
ideal octahedral angle of 180° is 162.86(5)° for O(3)-Mn(1)-O(12). The bond distances and
angles surrounding Mn(1) render the coordination geometry of this metal ion distorted
octahedral.

The distances between Mn(2) and each of the four carboxylate-derived O-donors are 2.1427(4)
A, 2.1529(7) A, 2.1445(6) A and 2.1572(8) A for Mn(2) — O(4), Mn(2) — O(6) Mn(2) — O(8)
and Mn(2) — O(9), respectively. The bond distances between Mn(2) and each of the O-donors
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of the coordinated DMF solvent molecules are 2.2453(6) A and 2.2140(8) A for Mn(2) — O(5)
and Mn(2) — O(7), respectively.

The bond angles which surround Mn(2) that deviate most significantly from the ideal
octahedral angle of 90° are 79.26(4)° and 97.37(4)° for O(5)-Mn(2)-O(6) and O(4)-Mn(2)-
0O(9), respectively. Further, the bond angle surrounding Mn(2) that deviates to the greatest
extent from the ideal octahedral angle of 180° is 163.05(5)° for O(6)-Mn(2)-O(9). These values
give Mn(2) a distorted octahedral coordination geometry. The distortion of the coordination
environment of Mn(1) and Mn(2) of 16 is similar to the degree of distortion of the Mn" ion of
14. In addition, the bond distances and angles surrounding Mn(1) and Mn(2) are consistent
with the values reported for other Mn'' — carboxylate complexes reported in the literature, 32

The two (L1-Ni")?" linkers of 16 adopt saddle-shaped configurations and are displayed in Fig.
5.21. The central Ni'" ions of each of the (L1-Ni")*" linkers exhibit distorted square-planar
coordination geometries. The bond angles between Ni(1) and Ni(2) and the pyrrolic nitrogen
atoms on opposite positions of the porphyrin’s central cavity are 173.22(5)°, 173.78(2)°,
173.77(6)° and 173.70(5)° for N(1)-Ni(1)-N(3), N(2)-Ni(1)-N(4), N(5)-Ni(2)-N(6) and N(2)-
Ni(2)-N(7), respectively.

The (L1-Ni')*" linkers in 16 are stabilized through two types of = — & interactions: Parallel
displaced  — = interactions between porphyrin moieties within the same 2D sheet propagate in
the direction of the crystallographic b-axis, and T-shaped © — « interactions between the non-
functionalised meso phenyl rings and pyrrole ring systems of (L1-Ni'")?>~ linker moieties of
neighbouring 2D layers stabilise the structure. These interlayer © — = interactions extend the
2D MMPF 16 into a 3D supramolecular framework. The distance between stacking porphyrin
moieties ranges between 3.66 — 3.91 A, which is consistent with other = — 7 stacking

interactions reported in the literature.3% 32

The average dihedral angle between the carboxylate functionalised meso phenyl rings on
opposite positions of the (L1-Ni')?>" linkers of 16 is 43.22°. This is more staggered than the
average dihedral angle between the non-functionalised meso phenyl rings of the (L1-Ni')?"
linkers, which is 24.49°. This configuration facilitates stabilisation of 16 through = — xt stacking

interactions which occur between neighbouring porphyrin moieties.

225



Chapter 5 — Porphyrin-Based Metallo-Supramolecular Systems

Figure 5.21: Ball-and-stick representation of the linear dicarboxylate metalloporphyrin (L1-Ni")?~ linker moieties of 16.

Hydrogen atoms have been removed for clarity. Colour scheme: C white, N blue, O red, Co purple, Ni teal.

Each of the ditopic (L1-Ni")?" linkers are deprotonated at each of their two carboxylate binding

sites giving a charge of —2. As one porphyrin linker coordinates per metal centre in the crystal
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structure of 16, it would be expected that each Mn centre would adopt an oxidation state of +2
to balance this charge. The (L1-Ni")?" linker is also deprotonated at both of its pyrrolic N — H
moieties inside the porphyrin ring, giving a charge of —2. This negative charge is balanced by
a Ni' ion which occupies the central cavity of the macrocycle. The assignments of the +2
oxidation state to both the Mn'" and Ni'' centres were corroborated using BVS analysis

calculations.

The packing of 16 in the crystal structure is displayed in Fig. 5.22. 2D sheets of 16 pack densely
and porphyrin moieties interdigitate with neighbouring layers. Small channels filled with
constitutional solvent molecules extend between layers in parallel with the crytallographic b-
axis (Fig. 5.22a). The layered architecture of 16 can be seen in Fig. 5.22b, which shows infinite
chains of Mn'! ions which zig-zag and extend in parallel with the crystallographic b-axis. The
average distance between two neighbouring 2D sheets is ca. 15.0 A.
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Figure 5.22: Ball-and-stick representation of the packing arrangement of 16 in the crystal structure. View is in the
direction of the crystallographic: (a) b-axis and (b) c-axis. Solvent of crystallization and hydrogen atoms have been

omitted for clarity. Mn'' centres are represented as blue polyhedra. Colour scheme: C white, N blue, O red, Mn pink, Ni
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5.1.3.4 Physicochemical Characterisation of 15 and 16

The Mn'!-based metallo-supramolecular assemblies [Mn"(HL1-Ni")2(DMF),]-3DMF (15) and
[Mn'(L1-Ni")(DMF);]-4DMF (16) form under identical reaction conditions and are
indistinguishable based on their physical appearance. Therefore, these compounds could not
be separated manually. In addition, attempts to purify a mixture of 15 and 16 by suspending in
an appropriate solvent system with a density that was between the densities of both compounds
were unsuccessful. As a result of this, 15 and 16 were characterised as a mixture using FT-IR

spectroscopy, TGA and PXRD spectroscopy.
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Infrared Spectroscopy

An FT-IR spectrum of 15 and 16 is presented in Fig. 5.23. A broad signal around 3200 cm™
can be associated with an O — H stretching vibration from the hydrogen bonded (HL1-Ni')~
linkers of 15.% A broad band at 3049 cm™ can be attributed to aromatic C — H stretching
vibrations of the porphyrin ligands of 15 and 16.% A signal at 1656 cm™ can be associated
with a C = O stretching vibration of the DMF moieties of 15 and 16.*® A band at 1582 cm™
can be attributed to a carbonyl stretching vibration of the non-bridging carboxylate moiety of
15.%7 Strong signals at 1532 and 1394 cm™* can be attributed to the asymmetric and symmetric
stretching vibrations, respectively, of the 2 bridging carboxylate moiety of 16.% Finally, a
sharp band at 1003 cm™* was assigned to an in-plane vibration (ring breathing) of the porphyrin
linkers of 15 and 16.%
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Figure 5.23: FT-IR spectrum of a mixture of 15 and 16.
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Thermogravimetric Analysis

TGA was performed on a mixture of 15 and 16 in the temperature range of 25 - 800 °C under
a constant stream of N2, and the resulting TGA trace is presented in Fig 5.24. Heating a mixture
of 15 and 16 from 25 - 160 °C is associated with a sample weight loss of 4.0%. This may be
attributed to the loss of one constitutional DMF solvent molecule (calculated 4.1% for 15 and
3.7% for 16). Other constitutional solvent molecules were most likely lost before the TGA was
carried out. The next thermogravimetric step occurs between 160 — 400 °C and has an
associated weight loss of 7.0%. This can be accounted for by the loss of two coordinated DMF
solvent molecules (calculated 7.1% for 15 and 7.8% for 16). Heating the sample beyond 400 °C
results in decomposition in two further steps: The organic components of 15 and 16 degrade
between 400 — 480 °C and heating the sample above 480 °C is associated with the formation
of metal oxide species. The TGA trace conforms more closely with the anticipated thermal
decomposition behaviour of 15 than 16, based on the formula masses of each compound. This

is an indication that the analysed mixture comprises a higher proportion of 15 than 16.

100

Weight (%)

T T
400 600 800

Temperature (°C)
Figure 5.24: TGA trace of a mixture of 15 and 16.
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Powder X-Ray Diffraction Analysis

The PXRD spectrum of a mixture of 15 and 16 is compared with simulated powder spectra of
15 and 16 in Fig. 5.25. Removing 15 and 16 from the mother liquor results in sample
desolvation. Therefore, the PXRD pattern was recorded by sealing the sample in a glass
capillary. The experimental and calculated powder patterns are in good agreement, as all of the
high intensity signals present in the measured pattern can be located in the simulated spectra
of either 15 or 16. Signals in the measured powder pattern of 15 and 16 at 260 =8.2°,9.1°, 11.7°,
12.4°,13.2°,13.9°, 15.5°, 16.3° and 17.2° can be assigned to 15, whilst signals in this spectrum
at 20 = 4.1°, 8.6° and 19.5° can be attributed to 16. A signal of high intensity at 26 = 6.2° is
associated with both compounds 15 and 16. Judging by the relative intensities of the signals
assigned to 15 and 16, the composition of the sample can be estimated to contain approximately
a 2:1 ratio of 15 to 16.
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Figure 5.25: Comparison of a measured powder pattern obtained from a mixture of 15 and 16 (black) with simulated
PXRD patterns calculated using the single crystal X-ray diffraction data of 15 (red) and 16 (blue).
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5.1.3.5 Catalytic Properties of 15 and 16

A preliminary investigation into the propensity of a mixture of 15 and 16 to catalyse the light-
driven OER was performed in order to gauge whether further catalytic studies in which these
materials were isolated were worthwhile. The OER activity of 15 and 16 was assessed
according to the literature-established protocol that was used to screen 13 and 14 for O>
evolution activity.*? In a preliminary OER experiment, 15 and 16 were suspended in a neutral,
aqueous phosphate-buffered solution containing Na»S;0s SEA. This suspension was
hermetically sealed in a reaction vial, deoxygenated and illuminated using either a violet or a
white LED (A = 405 or 390 — 700 nm) while the O> concentration inside the reactor was

monitored in real time using a Clark electrode.

Unfortunately, O evolution was not observed under these conditions. Therefore, the OER
experiment was replicated with two modifications: [Ru(bpy)2(deeb)](PFs)2 was added as an
external PS and a blue LED (A =470 nm) was used to illuminate the suspension. Irradiation of
this mixture of WOC, PS and SEA did result in OER activity. Fig. 5.26 compares the O
evolution kinetics using a mixture of 15 and 16 as a WOC (teal) with the kinetics of O
evolution in a control experiment in which 15 and 16 were not added to the reaction vessel
(black).

The total quantity of Oz evolved by a mixture of 15 and 16 in this experiment was 63.0 nmol,
which is significantly higher than the amount of O2 produced in a control experiment in which
no catalyst was added. The TON for this reaction would be 0.61 based on the molar mass of
15, or 0.39 based on the molar mass of 16. If calculated using the molar mass of 15, the TOF
of the reaction is 6 x 10~* s7%, or alternatively the TOF = 4 x 10~*s™* using the molar mass of
16. Due to the low yield and slow kinetics of Oz evolution revealed in these experiments, no
further H20 splitting studies were conducted using 15 and 16.

Comparatively, the robustness of 13 and 14 is similar to that of 15 and 16: The average TON
of 13 and 14 is 0.50 and the average TON of 15 and 16 is 0.49. However, the activity of 13 and
14 is significantly higher than that of 15 and 16 (TOF = 1.5 x 10 s™* for 13 and 14 compared
to TOF = 6 x 10* s for 15 and 16). This may be due to the presence of Cu'-based
metalloporphyrin moieties in 13 and 14 which could contribute towards the catalytic activity
of these compounds.*® This indicates that if the robustness of the catalyst could be improved,
Cu'-based metalloporphyrins might be a valuable structural moiety of earth-abundant WOCs

with favourable activity.
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Figure 5.26: Kinetic monitoring (Clark electrode) of the light-driven OER using a mixture of 15 and 16 (0.2 mg, teal).
Control test without WOC is plotted for comparison (black). Conditions: LED lamp (A = 470, 10 mW cm™),

[Ru(bpy)2(deeb)](PFs)2 PS (2 mg) in an aqueous phosphate-buffered solution (5 mL, 0.01 M, initial pH = 7) containing
Na2S20g SEA (10 mM). Temperature and stirring rate were maintained at 25 °C and 500 rpm, respectively.
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5.1.4 Conclusion & Future Work

A central ambition of this research project was to synthesise bioinspired metallo-
supramolecular materials with potential H2O splitting applications, as well as to characterise
these compounds using single crystal X-ray diffraction in conjunction with other
physicochemical techniques. This aim was achieved with the synthesis of four supramolecular
assemblies comprising Mn'-based SBUs connected via HoL1-Cu'"! (13 and 14) or HzL1-Ni"
(15 and 16) metalloporphyrin proto-ligands. Compounds 13 — 16 were prepared in good yields,

however 13 and 14 formed together as an inseparable mixture, as did 15 and 16.

Single crystal X-ray diffraction was used to elucidate the structures of 13 — 16. These analyses
revealed 13 and 15 are isoreticular 1D coordination polymers featuring mononuclear SBUs,
and 14 and 16 are structurally related 2D MMPFs which stack in the crystal structure and are
composed of rod-shaped SBUs. The four frameworks 13 — 16 were characterised using FT-IR
spectroscopy, TGA and PXRD spectroscopy. Interpretation of the PXRD spectra and TGA
traces allowed the relative ratios of 13 to 14 and 15 to 16 in both samples to be estimated as
2:1.

A further objective of this work was to identify and investigate materials which may
demonstrate catalytic activity towards either the OER or the HER. As 13 — 16 feature open
metal sites, Mn" building units and porphyrin linkers, it was rationalised that these structures
were suitable candidates to use in H2O splitting investigations. Accordingly, 13 — 16 were
screened for photocatalytic OER or HER activity under a range of conditions. However, only
very modest levels of O2 evolution and poor robustness were observed using 13 — 16 as WOCs,
with all four compounds exhibiting a TON of less than 1. The presence of Cu'-based
metalloporphyrin moieties in 15 and 16 was attributed to the higher TOFs of these compounds
compared to 13 and 14. H> evolution activity was unfortunately not exhibited by any of the
structures. As a consequence of these findings, further H>O splitting investigations were not

carried out with these compounds.

The relatively low OER activity demonstrated these structures may be due to the dense packing
of 13 — 16 in their crystal structures. As a result, only a small proportion of the potentially
active sites of 13 — 16 are exposed H.O substrate molecules.®® Alternatively, the poor activity
of 13 — 16 could be due to the structures not being robust enough to withstand the harsh

conditions of the OER: Mn'-based WOCs are typically susceptible to decomposition due to
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their high lability, and porphyrins are vulnerable to attack by in-situ generated O at their meso

positions.16:>2

Future work could encompass the optimisation of the syntheses of 13 — 16 in order to obtain
these structures in a phase-pure form. Further, the activities of 13 — 16 may be improved using
a pillaring synthetic strategy to generate pillar-layered MMPFs.53°* Such pillared MMPFs
could benefit from increased porosity, thus allowing a greater proportion of the potentially

active sites to be exposed to the substrate which may facilitate catalytic activity.

Additionally, the robustness of these compounds towards the OER may be improved by
introducing blocking groups at the meso phenyl ring’s ortho positions of the metalloporphyrin
linkers of 13 — 16. The introduction of bulky substituents such as F or Cl atoms, or methoxy
groups at these positions has been demonstrated to sterically shield porphyrin macrocycles
from attack by 102.°>°® Finally, future investigations may seek to explore the magnetic
properties of the supramolecular structures 13 — 16.
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5.2 Additional Metalloporphyrin Supramolecular Structures

The porphyrin pro-ligand HsL1 was used to synthesise an additional two supramolecular
assemblies: [Zn"s0(L1-Zn")3(H20)s] (17) and (TEAH)[In"(HL1-Cu")2(Ac)2]CI-H.0 (18,
TEAH = triethylammonium, Ac = acetate). 17 is a quadruply interpenetrated cubic Zn'-based
MMPF that was generated via a solvothermal reaction between HisL1 and Zn(NOs3)2-6H20,
whilst 18 is a mononuclear In"'-based porphyrin dimer which forms from a reaction between
H,L1-Cu" and InCls.

Crystals of 17 and 18 of suitable quality for X-ray analysis were successfully prepared,
allowing their structures to be elucidated. In this section the syntheses and crystal structures of
17 and 18 are discussed. Whilst structural analyses of these compounds were possible, 17 and

18 form in low yields.
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5.2.1 [Zn"40(L1-Zn")3(H20)3] (17)

MOF-5 ([Zn"4O(BDC)3], BDC = 1,4-benzenedicarboxylate) is regularly referred to as the
archetypal MOF.>"%8% This quintessential framework features 6-connected {Zn';,0} SBUs
which are linked through dicarboxylate BDC ligands, generating MOF-5’s primitive cubic
(pcu) topology. The compound is characterised by a substantial pore volume of 1.04 cm?® g*
and the retention of its structural integrity upon desolvation.®® These properties were
unprecedented among porous materials known prior to the discovery of MOF-5 in 1999. As

such, this MOF has been extensively investigated since its advent.5!

Subsequent to Yaghi’s seminal work on MOF-5, a plethora of analogous pcu-type frameworks
comprising {Zn'',O} SBUs and ditopic linkers have been designed through application of the
principle of reticular synthesis.®? Included among these structures are MOFs constructed from
an array of elongated and functionalised ligands which have a broad range of potential

applications 5’6364

In this section, the synthesis, structure and physicochemical characterisation of an isoreticular
analogue of MOF-5, [Zn"4O(L1-Zn"3(H20)3] (17) are discussed. As in MOF-5, 17 forms a
pcu-type framework encompassing {Zn'"40} SBUs which are connected via linear
dicarboxylate linkers. Unlike MOF-5, however, 17 comprises Zn"-based metalloporphyrin

ligands, which adds a further facet of functionality to this framework.
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5.2.1.1 Synthesis of [Zn"4O(L1-Zn'")3(H20)s] (17)

The MMPF [Zn"4O(L1-Zn")3(H20)3] (17) was synthesized in a reaction between the freebase
porphyrin pro-ligand HsL1 and Zn(NOz)2:6H20 in a mixture of DMF and MeOH. Heating this
mixture under solvothermal conditions for four days then gradually cooling to room
temperature over a twelve hour period afforded the formation of pale orange, block-shaped
crystals of 17 in low yield. The crystals were of suitable quality for analysis using single crystal

X-ray diffraction, which facilitated the elucidation of the crystal structure of 17.

5.2.1.2 Crystal Structure of [Zn'4O(L1-Zn")3(H20)s] (17)

The crystal structure of [Zn",O0(L1-Zn")3(H20)3] (17) was solved in the trigonal space group
R3c. 17 is a four-fold interpenetrated 3D MMPF which is a symmetry-reduced, isoreticular
version of MOF-5. One of the quadruply interpenetrated nets of 17 is displayed in Fig. 5.27.
This framework is characterised by tetranuclear {Zn'"40} SBUs which are coordinated by
octahedral arrays of (L1-Zn')?" linkers. Each of the {Zn''4O} nodes of 17 are connected to six
other {Zn",0} SBUs via six ditopic (L1-Zn')?>" ligands, generating a pcu-type network. The
Zn atoms of the {Zn'40} nodes of 17 are disordered over two positions. However, for the

purpose of clarity only one of these disordered positions is depicted in Figs. 5.27 — 5.32.
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Figure 5.27: Ball-and-stick representation of one of the four-fold interpenetrated networks of the MMPF 17, showing 6-
connected {Zn'40} SBUs linked via ditopic (L1-Zn')?>~ ligands. Hydrogen atoms and one of the disordered positions of
the {Zn'"40} nodes have been omitted for clarity. Colour scheme: C white, N blue, O red, Zn green. Tetrahedral Zn"

centres are represented as yellow polyhedra.

The framework 17 can be visualised as a simple cubic net in which each of the vertices are
substituted for {Zn'"4O} clusters, and the edges are replaced with (L1-Zn")?" linkers. The cubic
structure of 17 can be seen clearly in Fig. 5.28. The interatomic distance between the central
Hs-O% ions of connected {Zn"40} clusters is ca. 24.7 A. This distance is almost double the
corresponding distance within MOF-5, which is ca. 12.9 A.%° This difference is due to the
comparative lengths of the BDC linkers of MOF-5 and the (L1-Zn")*" ligands of 17, which are
ca. 12.7 A and 19.6 A for MOF-5 and 17, respectively. Two ps-O> ions located at opposite
vertices of the same cube in 17 are separated by an interatomic distance of ca. 30.2 A or 46.1
A. This variance highlights the tetragonal distortion which is exhibited by the framework 17.
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Figure 5.28: Ball-and-stick representation highlighting the cubic structure of the pcu-type MMPF 17 showing one of the
four-fold interpenetrated networks of 17. Hydrogen atoms and one of the disordered positions of the {Zn"40} node of 17
have been omitted for clarity. Colour scheme: C white, N blue, O red, Zn green. Tetrahedral Zn'"' centres are represented
as yellow polyhedra.

The asymmetric unit of 17 comprises two Zn'" centres and one ps-O?" ion which derive from
the SBU of 17. Also present in the asymmetric unit of 17 are half of a (L1-Zn")*" linker moiety
and one H20 ligand which is terminally coordinated to the Zn' centre of the metalloporphyrin
ligand. The ps-O% ion and one of the Zn" ions of the SBU of 17 are located on a three-fold
rotoinversion axis, and the Zn'" ion of the (L1-Zn')?" linker is located on a two-fold inversion
axis. As a result of the extensively interpenetrated nature of 17, the solvent-accessible void
volume of the structure is ca. 522 A3, which corresponds to just 2.6% of the unit cell volume

(calculated using the CCDC-Mercury program and a probe radius of 1.2 A). This void space is
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occupied by disordered solvent molecules which could not be modelled, so were therefore

accounted for using the Platon-Squeeze routine.%

Topologically, 17 can be described as a uninodal, 6-connected quadruply interpenetrated pcu-
type network with the overall point symbol of {4'2.6%}. A topological reduction of 17 is
presented in Fig. 5.29, which illustrates the four-fold interpenetrating pcu-type nets of this
MMPF.

(@) (b)

Figure 5.29: Topological reduction of 17 showing quadruply interpenetrated cubic pcu-type nets. Viewed approximately

in the direction of the crystallographic (a) c-axis and (b) b-axis.

The {Zn",0} SBU of 17 is presented in detail in Fig. 5.30. The building unit comprises a
Ha-O% ion O(5) which is located at the centre of the cluster core. O(5) is coordinated by four
Zn" ions Zn(1), Zn(2), Zn(2’) and Zn(2”’) which form the vertices of a tetrahedron. Each of
the metal centres are also bridged by three syn-syn uo-n*:#* carboxylate moieties which derive
from three different (L1-Zn")?" linkers and constitute the edges of the tetrahedral node. A total
of six bridging carboxylate groups, four Zn" centres and one ps-O*  ion embody the six-
connected tetrahedral {Zn";0} node of 17.

The Zn atoms of the {Zn''4O} SBU are disordered over two positions in the crystal structure of
17. Superimposition of the two disordered {Zn",0} tetrahedra generates an array of eight Zn"
centres which enclose the central, non-disordered ps-O? ion O(5). This array of Zn' ions
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displays a distorted cubic configuration, whereby each of the eight Zn" centres locate at
different vertices of a {Zn''sO} ‘cube’. This pattern of disorder has been observed in other
isoreticular MOF-5 analogues.®* For clarity in crystal structure representations of 17, only one
of the two disordered positions of the {Zn'4O} node is depicted.

(b)

-

c

Figure 5.30: Ball-and-stick representation of the {Zn'"4O} SBU of 17, viewed along the crystallographic (a) c-axis and
(b) b-axis. Hydrogen atoms and half of the disordered Zn'"" centres of the SBU are not shown for the purpose of clarity.

Colour scheme: C white, N blue, O red, Zn green.

The coordination spheres of the four-coordinate Zn' ions Zn(1) and Zn(2) are each composed
of three O-donors which derive from the carboxylate moieties of three different (L1-Zn')?"
linkers, and one p4-O* ion. The bond distance between Zn(1) and the three symmetry-related
carboxylate O-donors O(1), O(1°) and O(1”) is 1.9153(3) A. This bond distance is marginally
shorter than the distance between Zn(1) and the central pa-O> ion O(5), which is 2.0695(4) A.
The bond angles surrounding Zn(1) which deviate from the ideal tetrahedral angle of 109.5°
are within the range of 113.80(8)° — 104.69(7)°. These bond distances and angles render the

coordination geometry of Zn(1) distorted tetrahedral.

Similarly, the Zn'" ion, Zn(2) is characterised by metal — carboxylate O-donor bond distances
0f 1.9751(2) A, 1.9882(2) A and 1.9428(2) A for Zn(2) — O(2), Zn(2) — O(3) and Zn(2) — O(4),
respectively. The distance between Zn(2) and the central ps-O?" ion O(5) is 1.9074(2) A. The
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tetrahedral bond angles surrounding Zn(2) vary between 107.29(8)° — 110.39(7)°, rendering

the coordination geometry of this metal ion distorted tetrahedral.

The coordination sphere of the central, tetrahedrally coordinated ps-O* ion O(5) comprises
four Zn" ions Zn(1), Zn(2), Zn(2’) and Zn(2”’). The bond angles surrounding O(5) are
106.82(7)° for Zn(1)-O(5)-Zn(2), Zn(1)-O(5)-Zn(2’) and Zn(1)-O(5)-Zn(2"’), and 111.98(9)°
for Zn(2)-O(5)-Zn(2’), Zn(2)-O(5)-Zn(2’’) and Zn(2’)-O(5)-Zn(2’’). The bond distances and
angles within the SBU of 17 are comparable with analogous {Zn'40} clusters reported in the

literature, 806667

The (L1-Zn"? linker of 17 is displayed in Fig. 5.31. The ligand is characterised by a central,
square pyramidally coordinated Zn' ion Zn(3) which occupies the macrocycle’s central cavity.
As the freebase porphyrin HsL1 was used in the synthesis of 17, metallation of the ligand
occurs in-situ. (L1-Zn')?>" adopts a dome-shaped configuration, in which Zn(3) is positioned
slightly above the mean porphyrin plane. The coordination environment of Zn(3) comprises
four pyrrolic N-donors N(1), N(1”), N(2) and N(2”) and one O-donor O(6) which derives from
a terminally coordinated H.O moiety. The four pyrrolic N-donors constitute the basal plane of
the square pyramid, whereas the O-donor situates at an apical position perpendicular to the

pyramid base.
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a

Figure 5.31: Ball-and-stick representation of the metalloporphyrin linker (L1-Zn")>~ of 17. Hydrogen atoms have been

omitted for clarity. Colour scheme: C white, N blue, O red, Zn green.

The bond distances between the central Zn" ion Zn(3) and the four N-donors are 2.0480(3) A
for Zn(3) — N(1) and Zn(3) — N(1°), and 2.0486(3) A for Zn(3) — N(2) and Zn(3) — N(2°). These
distances are shorter than the bond distance between Zn(3) and the H20 derived O-donor O(6),
which is 2.2276(3) A. The bond angles between N-donors which locate at opposite corners of
the basal plane of the square pyramidal coordination environment of Zn(3) are 162.20(7)° and
164.80(9)° for N(1)-Zn(3)-N(1”) and N(2)-Zn(3)-N(2"), respectively. The apical O-donor O(6)
is situated perpendicular to the porphyrin plane, and the angle between Zn(3) — O(6) and the
basal plane of the square pyramid is 90.00(2)°. The dihedral angles between the non-
functionalised and carboxylate-functionalised meso phenyl rings of (L1-Zn")?>" are 46.38° and
53.46°, respectively. This configuration facilitates m — 7 stacking interactions which stabilise

neighbouring interpenetrating pcu nets of 17.

Two carboxylic acid moieties and two freebase amine sites of the porphyrin ligand are

deprotonated. Taking the central Zn' ion into account gives the (L1-Zn")*" linker a formal
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charge of —2. The four Zn" ions which constitute the {Zn'"'4O} SBU have a combined positive
charge of +8. This positive charge is balanced in the crystal structure of 17 by three (L1-Zn')?"
ligands and one central ps-O?" ion O(5). The overall charge of 17 is therefore neutral, and the
assigned oxidation states of the metal ions within 17 were substantiated using BVS analysis

calculations.

The packing arrangement in one of the four-fold interpenetrating pcu-type frameworks of 17
is displayed in Fig. 5.32. The packing diagrams highlight, tetragonally distorted channels which
extend in the direction of the crystallographic a- and b-axes. The tetragonal distortion of the
channels of 17 is analogous to the channels of MOF-5, which can display either tetragonally
distorted®® or cubic® configurations depending on the conditions employed in the synthesis of

the framework.5°
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Figure 5.32: Packing diagram (ball-and-stick representation) of one of the four-fold interpenetrating cubic networks of
17. View is in the direction of the (a) crystallographic b-axis, (b) crystallographic a-axis and (c) in the (—4,5,-1)
crystallographic direction. Hydrogen atoms and half of the disordered positions of the Zn'" ions of the {Zn'"4O} SBUs
have been omitted for the purpose of clarity. Colour scheme: C white, N blue, O red, Zn green. Zn" centres are represented

as yellow polyhedra.
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5.2.1.3 Physicochemical Characterisation of 17
Infrared Spectroscopy

The MMPF 17 was characterised using IR spectroscopy. The FT-IR spectrum of 17 (presented
in Fig. 5.33) exhibits a number of characteristic bands: Several signals around 3000 cm™ can
be assigned to C — H vibrations of 17. Two bands at 1688 and 1533 cm™ can be attributed to
the asymmetric and symmetric stretching vibrational modes, respectively, of the carboxylate
moieties of the (L1-Zn")>" linkers of 17.7%"%3 Two signals at 1392 and 1028 cm™ can be
attributed to C — N stretching and in-plane deformation (ring breathing) of the (L1-Zn')?"
ligand, respectively.®® Finally, the absence of a signal at above 3000 cm™* which can be
assigned to N — H vibrations of the macrocyclic ligands indicates that HsL1 is fully metallated

in-situ during the synthesis of 17.
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Figure 5.33: FT-IR spectrum of 17.
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5.2.2 (TEAH)2[In"(HL1-Cu'")2(Ac)2]CI-H20 (18)

Owing to the rich coordination chemistry of In""!, numerous supramolecular complexes and
frameworks with diverse applications have been synthesised using this metal.”>"3’* Due to the
Lewis acidity and moisture stability of In compounds, they are particularly useful for mediating
catalytic reactions.” Over the last thirty years many In-based catalysts have been prepared for
a wide range of organic transformations.”® More recently, however, In has been employed to

catalyse the environmentally significant electrochemical reduction of CO; into formate.”""8

With the aim of synthesising supramolecular In-based assemblies with potential utility as
photocatalysts for CO, or H* reduction, the pro-ligand HzL1-Cu" was reacted with InCls under
solvothermal conditions. With this, the mononuclear In"' metalloporphyrin dimer
(TEAH)[In"(HL1-Cu')2(Ac)2]CI-H20 (18) was generated. 18 comprises a potentially redox-
active In"" centre which is coordinated by two (HL1-Cu')" ligand derivatives which may
function as PS’s.?® In this section, the synthesis, crystal structure and physicochemical

characterisation of 18 are discussed.

5.2.2.1 Synthesis of (TEAH)2[In''(HL1-Cu'")2(Ac)2]CI-H20 (18)

The metalloporphyrin dimer (TEAH)2[In"'(HL1-Cu")2(Ac)2]CI-H20 (18) was prepared in a
reaction between H,L1-Cu" and InCls in a mixture of DEA, MeOH and acetic acid. Heating
this mixture to 120 °C under solvothermal conditions for four days afforded the formation of
small, needle-shaped red crystals of 18 in low yield. These crystals were of suitable quality for
analysis using single crystal X-ray diffraction.

5.2.2.2 Crystal Structure of (TEAH)2[In"'(HL1-Cu'")2(Ac)2]CI-H20 (17)

The crystal structure of (TEAH)z[In"(HL1-Cu")2(Ac).]CI-H20 (18) was solved in the
monoclinic space group C2/c. The structure of the In'"'-bridged metalloporphyrin dimer 18 is
displayed in Fig 5.34. 18 comprises a central In""" ion which is coordinated by a tetrahedral
arrangement of four chelating (m?) carboxylate ligands, two of which derive from two
terminally coordinated (HL1-Cu')~ ligands, whilst the other two derive from two terminal

acetate ligands. The coordination geometry adopted by the In™" centre is distorted square-

antiprismatic.
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The asymmetric unit of 18 is composed of one crystallographically half-occupied In"" ion
which is located on a two-fold rotational axis, one (HL1-Cu')™ ligand, one acetate ligand and
a triethylammonium cation. Also present in the asymmetric unit of 18 are one CI™ anion and
one H,O molecule, each of which are crystallographically %2 occupied and disordered over two
positions. The proton of the non-coordinating carboxylic acid moiety of the (HL1-Cu'")~ ligand

is also crystallographically half-occupied and disordered over two positions.

Figure 5.34: Ball-and-stick representation of the crystal structure of (TEAH)2[In"'(HL1-Cu")2(Ac)2]CI-H20 (18). Non-
carboxylic acid hydrogen atoms and, in Fig. 5.34b, triethylammonium cations have been omitted for the purpose of clarity.

Colour scheme: C white, H grey, N blue, O red, Cl green, Cu orange, In indigo.

The coordination environment of the In'"" ion, In(1) of 18 is depicted in detail in Fig. 5.35. The
octacoordinated metal centre In(1) is surrounded by a distorted square-antiprismatic array of
four O-donors O(1), O(1”), O(2) and O(2’) which derive from two n? (HL1-Cu'")~ ligands, and
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four O-donors O(3), O(3’), O(4) and O(4’) of two n? acetate ligands. The two (HL1-Cu')"
ligands of the dimer 18 are cis-coordinated with respect to each other. Similarly, the two 1?

acetate ligands are cis-coordinated with respect to one another.

The porphyrin-derived O-donors O(1), O(1°), O(2) and O(2’) locate at the vertices of one
square face of the distorted antiprismatic coordination environment of In(1), whilst the
carboxylate O-donors O(3), O(3”), O(4) and O(4”) of the acetate ligands situate at the vertices
of the other square face of the distorted antiprism. The In'" jon In(1) is sandwiched between
the two square planes O(1)-O(1°)-0(2)-0(2’) and O(3)-0O(3’)-0(4)-0O(4’), and the distance
between these planes is 2.6029(9) A. This configuration generates the square-antiprismatic
coordination geometry of In(1).

Figure 5.35: Ball-and-stick representation coordination environment of the eight-coordinate In'"" centre of 18. Hydrogen
atoms and constitutional solvent molecules have been omitted for clarity. Colour scheme: C white, N blue, O red, In

indigo.

The In'" centre In(1) is characterised by metal-oxygen distances of 2.2857(5) A, 2.2309(7) A,
2.5536(6) A and 2.1641(7) A for In(1) — O(1), In(1) — O(2), In(1) — O(3) and In(1) — O(4),
respectively. The bite angle of the porphyrin carboxylate ligand O(1)-In(1)-O(2) is 58.17(4)°,
which is slightly smaller than the bite angle of the acetate-derived carboxylate moiety O(3)-

In(1)-O(4) of 54.15(4)°. These bond distances and angles are consistent with bond distances
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and angles reported for other chelating carboxylate In"™" complexes previously reported in the

literature.”

Stabilising hydrogen bonding interactions occur between the carboxylic acid moieties of
neighbouring porphyrin dimers in 18. These interactions are highlighted in Fig. 5.36 create 1D
chains of dimers through supramolecular forces. The hydrogen atom of this interaction is
disordered over two positions and has a crystallographic occupancy of %2 in each position. O(5)
and O(6) can, therefore, constitute either hydrogen bond acceptors or hydrogen bond donors.
The hydrogen bond distance between two adjacent dimers O(6”)--H — O(6) is 2.4474(9) A, and
the bond angle O(6°)---H — O(6) is 155.34(4)°. These values are within expected ranges and are
comparable to other hydrogen bonding interactions reported in the literature.!

) 7N e r“* 77X os \\
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Figure 5.36: Ball-and-stick representation of the hydrogen bonding interactions which stabilise 18. Hydrogen bond is
represented as a dashed red line. Colour scheme: C white, N blue, O red, Cu orange.

The metalloporphyrin ligand of 18 is shown from two different viewing directions in Fig. 5.37.
(HL1-Cu")~ adopts a saddle-shaped configuration, and the dihedral angle between carboxylate
functionalised phenyl rings on opposite meso positions of the porphyrin is 17.76(1)°. This
configuration is relatively more staggered than the arrangement of the non-functionalised meso
phenyl rings, which is 33.56(4)°. The (HL1-Cu'") ligand is deprotonated at its n? carboxylate
binding site, and protonated at one of two positions at its non-bonding carboxylate moiety,

giving the porphyrin ligand an overall charge of —1.
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Figure 5.37: Ball-and-stick representation of the (HL1-Cu'")™ ligand of 18. Non-carboxylic acid hydrogen atoms not
shown for clarity. Colour scheme: C white, H grey, N blue, O red, Cu orange.

The central cavity of the macrocycle is occupied by a square planar Cu' ion Cu(1) which is
coordinated by four pyrrolic N-donors N(1), N(2), N(3) and N(4). The bond distances
surrounding Cu(1) are 1.9980(6) A, 2.0009(5) A, 1.9963(6) A and 1.9975(5) A for Cu(1) —
N(1), Cu(1) — N(2), Cu(1) — N(3) and Cu(1) — N(4), respectively. The bond angles between N-
donors on opposite sides of the macrocycle cavity are 176.85(5)° for N(1)-Cu(1)-N(3) and
174.59(2)° for N(2)-Cu(1)-N(4), giving the (HL1-Cu')" ligand its saddle-shaped configuration.

Two deprotonated (HL1-Cu')" ligands, two acetate ligands and a CI~ anion give a combined
negative charge of —5. This charge is balanced by a central In'" ion and two triethyl ammonium
cations, giving 18 a net neutral charge. BVS calculations revealed that the BVS value of In(1)
is 2.9, which supports the assignment of the +3 oxidation state for this ion.

The packing arrangement of 18 is displayed in Fig. 5.38. Dimers pack densely in the crystal
structure and are held together by hydrogen bonding interactions which generate 1D chains
with a wave-like shape. These wave-shaped chains stack on top of one another in the direction
of the crystallographic b-axis, and the porphyrin moieties of neighbouring stacking chains
interdigitate. Small solvent-filled channels locate between the interdigitating chains and extend
in the direction of the crystallographic a-axis. The hydrogen bonded chains are further
stabilised by m — 7 stacking interactions which extend in parallel with the crystallographic a-

axis.
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(b)

Figure 5.38: Ball-and-stick representation of the packing arrangement of 18, showing wave-shaped chains which stack in
the direction of the crystallographic a-axis and interdigitate. Hydrogen atoms, constitutional solvent molecules and
counterionic species have been omitted for the purpose of clarity. Colour scheme: C white, N blue, O red, Cu orange, In
indigo.
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5.2.2.3 Physicochemical Characterisation of 18
Infrared Spectroscopy

18 was characterised using IR spectroscopy. The FT-IR spectrum of 18 is displayed in Fig.
5.39 and reveals a number of characteristic signals. A broad band at 3366 cm™ can be assigned
to O — H stretching vibrations of carboxylate moieties and constitutional H>O solvent molecules
of 18 which form hydrogen bonds. Broad signals above 3000 cm™ can be associated with
C — H stretching vibrations of the porphyrin ligands of 18. A signal at 2962 cm™ can be
assigned to C — H vibrations of the aliphatic moieties within 18. Two bands at 1713 and 1611
cm! can be attributed to asymmetric stretching vibrations of the carboxylic acid and
carboxylate moieties, respectively, of the (HL1-Cu'")™ ligands of 18.8° A signal at 1390 cm™
can be associated with a symmetric vibration of the bidentate carboxylate moiety of (HL1-
Ccu')~.7%"1 Finally, two bands at 1257 and 1050 cm™ can be assigned to C — N stretching
vibrations and in-plane deformation (ring breathing), respectively, of the (HL1-Cu') ligand.*®
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Figure 5.39: FT-IR spectrum of 18.
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5.2.3 Conclusion and Future Work

In conclusion, two metalloporphyrin-based supramolecular structures (17 and 18) have been
synthesised and characterised using single crystal X-ray diffraction and IR spectroscopy. This
analysis revealed that 17 is a quadruply interpenetrated pcu-type MMPF which comprises six-
connected {Zn"04} SBUs and dicarboxylate (L1-Zn")?~ linkers, and that 18 is a mononuclear
In"-bridged (HL1-Cu'")~ dimer.

The isoreticular MOF-5 analogue 17 was characterised using FT-IR spectroscopy, however, as
the reaction which generates this compound yields only a few crystals of product further
characterisation was not possible. Future investigations of 17 would initially require
optimisation of the synthesis of this structure in order to improve the reaction yield. This might
be achieved through careful exclusion of H2O from the reaction mixture, as the {Zn""O4} nodes
which constitute the framework are likely to be susceptible to hydrolysis.8! Obtaining an
appreciable quantity of 17 would facilitate further characterisation of the material using TGA

spectroscopy.

Additionally, post-synthetic modification (PSM) of 17 via transmetalation could be used to
prepare analogous MMPFs to 17 which are decorated with sub-stoichiometric amounts of
Mn?*, Fe?* or Co?* ions.®28 This may endow newly created transmetalated frameworks with
redox-activity. The successful PSM of 17 could then be confirmed using EDX spectroscopy.®
Ultimately, these novel MMPFs could be explored as catalysts for reactions such as the OER,
the HER or the reduction of CO..

The In"'-bridged metalloporphyrin dimer 18 was characterised using FT-IR spectroscopy.
Future work involving 18 could entail optimising its synthesis to improve the yield of this
compound, and additional physicochemical characterisation of the bulk material using thermal
analysis and PXRD analysis. Finally, the photocatalytic activity of 18 towards the HER, the

reduction of CO> or various organic transformations could be investigated.
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6.1 Materials and Methods
6.1.1 Reagents

All chemicals and solvents were of reagent grade and purchased from the commercial suppliers
Sigma-Aldrich Ltd., Fluka Chemica-Biochemica (U.K.), ABCR GmbH, Fluorochem Ltd. or
local solvent suppliers and used as received without further purification unless stated otherwise.

H>O was distilled prior to use unless stated otherwise.

6.1.2 Single Crystal X-Ray Diffraction

X-ray analyses were performed by Dr. Brendan Twamley, Prof. Nianyong Zhu, Dr. Amal
Cherian Kathalikkattil, Paul Wix and Friedrich Steuber. Data were collected using a Bruker
APEX 1l DUO diffractometer equipped with a Cu-Ka (A = 1.54184 A) or a
Mo-Ka (A = 0.71073 A) microfocus tube as a source. Diffraction frames were processed using
the Bruker SAINT software packing, and structures were solved using BRUKER APEX
v2011.8-0 software and refined using OLEX 2 software. Hydrogen atoms were refined
anisotropically and assigned to their positions using a riding model. During structural
refinements, the Platon-SQUEEZE routine was applied where structures contained a large
amount of disordered solvent molecules that could not be resolved.! The solvent-accessible
void volume was calculated using the ‘voids’ tool in Mercury (CCDC). For this calculation, a

probe radius of 1.2 A and a grid spacing of 0.7 A were used.?

6.1.3 Mass Spectrometry

Samples were prepared prior to analysis by adding the material (ca. 0.5 mg) to a suitable HPLC
grade solvent (ca. 1 mL) and sonicating for 10 minutes to dissolve the sample. Solid particles
were removed from aqueous or organic suspensions by passing the sample through a nylon or
Teflon filter, respectively, which had a pore diameter of 200 um. Prepared samples were then
analysed by either Dr. Martin Feeney or Dr. Gary Hessman. ESI mass spectra were acquired
using a Micromass Time-of-Flight LCT Electrospray mass spectrometer supplied by Waters
Corp. in the positive or negative mode as required. MALDI spectra were acquired using a
Waters Corp Maldi Q-Tof Premier using trans-2-[3-4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile as a MALDI matrix in the positive or negative mode.

262



Chapter 6 — Experimental

6.1.4 Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) analyses of structurally robust samples were performed
using a Bruker D2 Phaser equipped with a Cu-Ko (A = 1.54184 A) 30 kV and 10 mA source.
Samples were ground using an agate mortar and pestle before loading on a zero-background
sample holder. Data were collected between 26 values of 5 — 55° at 25 °C and spectra were
processed using the Bruker DIFFRAC.EVA software package.?

PXRD samples for compounds which were sensitive to desolvation effects were prepared by
adding a finely ground sample of crystalline material under solvent to a glass capillary which
was subsequently flame-sealed. PXRD spectra were then obtained either by
Prof. Dr. Nianyong Zhu or Dr. Amal Cherian Kathalikkattil by mounting and centring the
capillary on a goniometer head on a Bruker APEX I diffractometer. The data were collected
upon 360° ¢ rotational frames at a detector distance of 120 mm. Data were processed using the
Bruker APEX Il XRD2-Eval subprogram.

6.1.5 Fourier Transform Infrared Spectroscopy

Infrared spectra were recorded using a PerkinElmer Spectrum One FT-IR spectrometer with a
universal Attenuated Total Reflectance (ATR) sampling accessory and processed using
Spectrum v5.01 (2002 PerkinElmer Instrument LLC) software. The scan rate used was 16 scans
per minute with a resolution of 4 scans within the range of 650 — 4000 cm™. The following
abbreviations were used to describe peak intensities: vs, very strong; s, strong; m, medium; w,

weak; vw, very weak; br, broad and vbr, very broad.

6.1.6 Raman Spectroscopy

Raman spectroscopy measurements were performed using a Renishaw-1000 micro-Raman
spectrometer equipped with a 50 x magnification objective and a cooled camera system, which
was calibrated prior to measurements using an internal Si standard. The spectral resolution of
the spectrometer was 1 cm™. Each spectrum was averaged over 12 measurements with an
accumulation time of 10 seconds per measurement. Spectra were analysed using the Renishaw

WIRE software package. Samples were excited using a 785 nm laser.
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6.1.7 Nuclear Magnetic Resonance Spectroscopy

'H and $3C NMR spectra were recorded on a Bruker DPX 400 spectrometer operating at 400.13
MHz or 100.14 MHz, respectively, by Dr. John O’Brien or Dr. Manuel Riither. Samples were
analysed in deuterated solvents that are listed for each spectrum. Standard abbreviations were
used for spectral assignments: s, singlet; d, doublet; t, triplet; g, quaternary; m, multiplet; br,
broad; vbr; very broad; J, coupling constant.

6.1.8 UV-Visible Spectroscopy

UV-Vis spectra were recorded in the range 300 — 800 nm on a Cary Scan spectrophotometer at
20 °C using disposable cells with a path length of 1 cm.

6.1.9 Thermogravimetric Analysis

Thermogravimetric analyses were performed using a Perkin Elmer Pyriss-1
Thermogravimetric analyser which was equipped with an ultra-micro balance with a sensitivity
of 0.1 pg which had been calibrated to Ni and Fe standards. Samples were placed in a ceramic
crucible and held at 25° C for 1 minute before heating to 800 °C at a rate of 2 °C or 5 °C per

minute under a nitrogen atmosphere.

6.1.10 Elemental Analysis

Quantitative elemental analysis was carried out by Ronan Crowley or Ann Connolly using an
Exeter Analytical CE 440 elemental analyser in the Microanalysis Lab at the School of
Chemistry and Chemical Biology of University College Dublin, Belfield.

6.1.11 Dynamic Light Scattering

Hydrodynamic radii distributions were obtained using a Malvern Zetasizer Nano ZS analyser.
Samples were suspended in Millipore water in disposable cells with a path length of 1 cm prior

to measurement.
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6.1.12 Light-Driven Oz Evolution Measurements
Materials

A schematic representation of the setup used to measure photocatalytic H2O splitting reactions
can be found in Section 2.5.1 on page 88. In light-driven OER catalytic experiments,
borosilicate crimp top vials (5, 10 or 20 mL) were used to house the reaction mixture. A
Unisense O2-sensing Clark electrode equipped with a piercing needle tip (model: OX-NP) was
used to determine the O concentration inside the reactor. This microsensor was connected to
a Unisense Microsensor Multimeter to amplify the signal, which was connected to a computer
operating the Logger routine of the SensorTrace Suite software package.

Data were recorded at a rate of 1 data point per second, and a two-point calibration method was
employed prior to each measurement, using (a) a zero-O determination of an anoxic water
solution (prepared using a mixture of NaOH and sodium ascorbate) and (b) air-saturated
distilled water at a known temperature which was prepared by vigorously bubbling air for
10 minutes into a 300 mL Unisense Calibration Chamber (CAL300). Various LED light
sources (Prizmatix, A =390 —700, 405 or 470 nm) of adjustable intensity which were connected
to a fibre optic cable were used to irradiate photocatalytic mixtures.

Methodology

In a typical experiment, a three-component photocatalytic mixture comprising a WOC, a PS
and a SEA was added to a 5 mL crimp top vial equipped with a stir bar.*>® The reaction vessel
was then hermetically sealed using a butyl rubber septum to prevent O> exchange with the
surrounding environment and wrapped in aluminium foil to exclude ambient light. The reaction
mixture was stirred at a constant rate of 500 rpm and the vial was kept at 25 °C by immersing

in a temperature-controlled water bath.

Following this, an aqueous phosphate buffer solution was injected into the reactor through the
rubber septum (for investigations of homogeneous OER catalysts, the WOC was introduced in
the solution phase at this stage). The Clark electrode and a grounding cable were then inserted
into the solution via the septum and the O quantities were monitored thereafter in real-time.
N2 was then bubbled through the aqueous mixture until it was fully deoxygenated, before
removing the N2 inlet and waiting for a consistent, steady O» reading. At this point, the
aluminium foil surrounding the reaction vial was removed and its content was irradiated using

the LED light source (A =470 nm, 10 mW cm™2) until no more O, evolution was detected.
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The TONs and TOFs and O yields of photocatalytic reactions were calculated as follows:

TON = n(02)/n(catalyst)’

TOF = n(oz)/(n(catalyst) X t) and

o yiald (o) — Al02] X2
,Yield (%) = m)(loo

where nq,) is quantity (moles) of Oz produced, n(catalysy) 1S quantity (moles) of WOC used,
t is the time elapsed in seconds, A[O,] is the change in O2 concentration and [Na,S,0g] is the
initial concentration of Na2S20s SEA added to the reaction vial. The time period considered

for TOF calculation was the first 10 seconds following the onset of the O> evolution.
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6.1.13 Functional Testing and Control Experiments

To verify that the developed setup and methodology was suitable measuring catalytic O>
evolution, several control experiments were carried out. Initially, a literature known WOC
(commercially obtained Co304 nanoparticles, 50 — 80 nm) was irradiated (A = 470 nm) in the
presence of Na»S20g SEA and [Ru(bpy)2(deeb)](PFs)2 PS under phosphate-buffered aqueous
conditions as the dissolved O concentration was recorded using a Clark electrode.”® Next, the
light-induced O evolution responses of Na.S20g and [Ru(bpy)2(deeb)](PFs)2 were established
in the absence of a WOC. To this end, aqueous phosphate-buffer solutions containing either
[Ru(bpy)2(deeb)](PFs)2, NaxS20g, or [Ru(bpy)2(deeb)](PFs). and Na»S.Og were irradiated
while the O2 concentration inside the reactor was monitored. The recorded O evolution

responses of these control experiments are plotted in Fig. 6.1.

90
——SEA (Na;5,0,)
| PS ([Ru(bpy).(deeb)](PF,),)
SEA+PS {Na,5,0, + [Ru{bpy),{deeb)){PFy),)
—~ 75 ——SEA+PS+WOC {Na,5,0; + [Ru(bpy),(deeb))(PFg), + Co,0, Nanoparticles)
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Figure 6.1: Kinetic monitoring (Clark electrode) of the Oz evolution responses of Na2S20s (10 mM, navy),
[Ru(bpy)2(deeb)](PFs)2 (2 mg, 2.33 umol, orange), [Ru(bpy)z(deeb)](PFs)2 (2 mg, 2.33 umol) and Naz2S20s (10 mM,
black) and [Ru(bpy)2(deeb)](PFs)2 (2 mg, 2.33 umol), Na2S20s (10 mM) and Co3O4 nanoparticles (50 — 80 nm, 20 g,
84 nmol, purple) in phosphate-buffered aqueous solutions (5 mL, 0.01 M, pH = 7). LED lamp (A = 470, 10 mW ¢m2).

The mixtures were stirred at a rate of 500 rpm and maintained at 25 °C by immersing the reaction vessel in a water bath.
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Importantly, these control experiments establish that phosphate-buffered aqueous solutions at
pH = 7 containing Na;S:0g (navy), [Ru(bpy):(deeb)](PFs). (orange) or Na»S:0s and
[Ru(bpy)2(deeb)](PFs). (black) do not give rise to significant quantities of O» upon
illumination. Furthermore, only irradiation of a combination of a WOC, SEA and a PS (purple)
gave rise to significant Oz evolution (35 nmol). Therefore, when evaluating a potential OER
catalyst in the presence of this SEA and PS, any observed O evolution can rationally be
attributed to the WOC under investigation. Finally, the functional test performed using C0304
nanoparticles illustrated that the employed setup and methodology are suitable for measuring

the Kinetics of photocatalytic O2 evolution of a known WOC.

6.1.14 Light-Driven H20 Oxidation Optimisation

The conditions of O, evolution were optimised in a series of photocatalytic experiments. In
these tests, several experimental parameters including SEA concentration, PS concentration,
buffer solution ionic strength and light intensity were individually modified while the OER
response of an established WOC was recorded. These experiments revealed that O» evolution
activity increased with increasing concentrations of Na>S>Og, up to 10 mM. Increasing the SEA
concentration beyond this had no impact on Oz production. Therefore, H>O oxidation

experiments were conducted using 10 mM NaS;0g solutions.

A similar trend was observed when varying the employed concentration of
[Ru(bpy)2(deeb)](PFs)2. Increasing the quantity of this PS up to 2 mg per 5 mL buffer solution
resulted in increased O evolution. However, further increases in PS loading beyond this did
not result in improved OER performance. As such 2 mg [Ru(bpy)2(deeb)](PFs)2 was used in
typical OER experiments. The influence of phosphate buffer molarity and light intensity was
also tested. The highest OER activity was observed using a buffer strength of 0.01 M, and the
optimal light intensity of the incident radiation at the centre of the reactor was determined to
be 10 mW cm™2. A control experiment was also performed using borate-buffered aqueous
solutions (initial pH = 8). Irradiating a PS and a SEA in this buffer resulted in significant O
evolution (ca. 3 umol). This activity is attributed to decomposition of the PS into OER active
species under the basic working conditions.® As a result of these experiments, initial testing of
catalysts for light-induced OER activity was conducted using a blue (A = 470) LED with an
intensity of of 10 mW cm™2 under aqueous phosphate-buffered conditions (5 mL, 0.01 M, initial

pH = 7) in the presence of Na>S20g (10 mM) and [Ru(bpy)2(deeb)](PFs)2 (2 mg, 2.33 umol).
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6.1.15 Mn-Oxo Compounds Screened for Light-Driven OER Activity

Several materials investigated for OER catalytic activity were synthesised and characterised
by my colleagues in the Schmitt Group. Phase-pure samples of 3, 4, 5, 6 and 9 were provided
by Dr. Lei Zhang, 7 was prepared Dr. Colm Healy, 8 was synthesised by Swetanshu Tandon
whilst 10 and 11 were provided by Dr. Ayuk M. Ako. 3 — 11 were used as received in catalytic
experiments unless stated otherwise. The formulae used to determine the molar masses of these

compounds for the calculation of their respective TONs and TOFs are listed in Table 6.1.

Table 6.1 — Structural formulae of the Mn-oxo compounds 3 — 11 which were screened
for light-driven H20 oxidation catalytic activity (see Chapter 3).

Compound Structural Formula

3 [Mn"'Mn"""35(l14-O)s(pa-Cl)s(tBUPO3)s] [Mn' (MeCN)s] Clo-6 CH3CN-5.25H,0

(ApyH)s[Mn"'3Mn'"'1(14-O)s(pi3-O) (H3-OH) (14-Cl)4(Cl)

4
(tBuPO3zH)(tBuPOz)9]-3CH3CN-2H20
c (ApyH)2[Mn'"3Mn'"11 (p4-0)6(13-O) (H3-OH) (u2-OH) (a-Cl)s
(tBuPOsH)(tBuPOs3)10(Apy)]-Apy-3MeCN-2H20
. [(Mn'l sMn!" 5)Mn'"15(1a-0)6(1-OH)2(u-CH30)4
(CH30H)2(tBuPQOs)10(Pic)]Clos-1.5H20
. [(Mn"o sMn'"'y 5)Mn'"1,Ca""5 (14-0)6(13-0)2(-OMe)4
(MeOH)g(tBuPOz)10(Piv)2(Ph2PO2):]
. [CIMn"g(tBuPO3)s(Py)s][Mn"'11M0V',02(114-0)2(113-0)4
(1-O)a(u-OH)2(tBuPO3z)10(Py)4]-4.5MeCN
. [(Mn'' sMn!" 5)Mn'"15(1s-0)s(1-OH)2(-OMe)
(MeOH)2(tBuPO3)10(TDP)4]Clo.s:-8MeOH
10 [Mn'"'12Mn"6Sr! (Ua-0)s(ps-Cl)s(HL2)12(MeCN)s]Cl2-15MeOH
- [Mn'!'3,Mn"7(14a-0)s(113-OCH3)2(13-Br)s(HL 2) 12

(MeOH)s(MeCN)]Br2-:9MeCN-MeOH
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The crystal structures of 3 and 8 contain the co-crystallised cationic complexes
[Mn"(CH3CN)g]?* and [Mn'!'s(tBuPO3)s9(CI)(Py)s]*. These structures have previously been
isolated and demonstrated as catalytically inactive towards the light-driven OER. Therefore,
catalytic activity observed using 3 and 8 can rationally be attributed to the larger co-crystallised

clusters.

6.1.16 Light-Driven H2 Evolution Measurements
Materials

Light-driven H> evolution experiments were carried out in an analogous manner to
photocatalytic OER experiments. A Unisense Hz-sensing Clark-type electrode equipped with
a piercing needle tip (model Ho-NP) was used to monitor the H> concentration inside the reactor
in real time. This microsensor was connected to a Unisense Microsensor Multimeter and a
computer operating the SensorTrace Suite package (Logger routine); data were recorded at
speed of one data point per second. A two-point calibration method was employed, whereby
readings were taken from (a) air (zero-H reading) and (b) a vial filled with H at atmospheric

pressure (pure Hz reading) prior to measuring.
Methodology

In a typical experiment, a 5 mL crimp vial equipped with a stir bar was loaded with a suspected
HEC, PS ([Ru(bpy)s]Cl2, 1.88 mg, 2.33 umol) and SED (MeOH, 1 mL, 2.47 mmol). The vial
was then hermetically sealed using a butyl rubber septum and protected from light by wrapping
in aluminium foil. Stirring was maintained at 500 rpm and the vial immersed in a temperature-
controlled water bath to maintain a constant temperature of 25 °C. Following, an aqueous
phosphate-buffered solution (4.0 mL, 0.01 M, initial pH = 7) was injected through the septum
into the vial. The H-NP Ha electrode (Unisense) and grounding cable were then inserted into
the solution phase through the septum, and the real-time H> concentration was monitored
thereafter. O, was then purged from the sample by bubbling N2 into the vial for several minutes,
before removing the N2 inlet and waiting for a steady reading to be obtained from the sample.
At this point, the content of the vial was illuminated, and HER activity was recorded.

The TONs and TOFs of photocatalytic H2 evolution experiments were calculated in the same
manner as for light-driven Oz evolution experiments. However, the quantity of H, evolved was

considered instead of the quantity of O liberated.
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6.1.17 Electrochemical H20 Oxidation Experiments

LSV measurements (Chapter 3) were conducted using a Biologic VSP potentiostat. Ohmic
drop compensations were applied prior to each experiment using the positive feedback
compensation method as implemented in the instrumental setup. A typical three-electrode setup
comprised an Ag/AgCl (KCI, 3M) reference electrode, carbon paste working electrodes
(surface area = 0.07 cm?), and a Pt wire counter-electrode for these experiments. LSV
measurements were carried out in a potassium phosphate buffer solution (50 mM) using KNOs
(1 M) as electrolyte at pH = 7.2. The carbon paste blends were prepared by grinding carbon
paste and the desired quantities of catalyst in an agate mortar and pestle. The resulting mixtures
were inserted inside the carbon paste electrode pocket. The LSV measurements were conducted
using an ALS RRDE-3A set-up with a carbon paste rotating disc electrode (surface area =
0.07 cm?) at 1,600 r.p.m. and at a scan rate of 10 mV s,

Cyclic voltammetry experiments (Chapter 4) were performed using a three-electrode set up
employing a modified carbon paste electrode with 5 wt.-% of 12 as the working electrode. The
system was completed with a Pt wire as a counter electrode and an Ag/AgCl (KCI 1M) as a
reference electrode. The ohmic drop was determined and compensated using the positive
feedback compensation implemented in the instrument. The scan rate was set to 100 mV s 1,

All applied potentials (Eapp) Were converted to the NHE reference scale using Enne = Eagiagel
+ 0.210 (V). The overpotentials were calculated by subtracting the thermodynamic H2O
oxidation potential (Ef o) from E,,, as: 1 = Eapp — Ef,0/0,, Whereby E} /0, Was
corrected by the pH value by employing the Nernst equation, Egzo/oz = 1.229 —
(0.059 x pH) (V) vs.NHE at 25 °C. The geometrical surface area of the carbon paste
electrode was used to calculate the current densities. The onset potentials were estimated from

the intersection point between the tangent lines of the Faradaic current at 1 mA cm2 and the

non-Faradic current.
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6.2 Synthesis of the PS Complex [Ru(bpy)2(deeb)](PFs)2

The PS [Ru(bpy)2(deeb)](PFs)2 was prepared in a three-step synthesis (summarised in

Scheme 6.1) according to adapted literature protocols outlined by Ma et al.*® and Meyer et al.**

+ RUC13 - 3H20

LiCl,
DMF

Cl

N b
—
Reflux cl /Ru

1. EtOH, Reflux
2. KPFg (aq.)

2

2+

2(PF¢)”

Scheme 6.1: Three-step synthetic route to afford the formation of the heteroleptic polypyridyl PS [Ru(bpy)2(deeb)](PFs)2.

6.2.1 Synthesis of Diethyl 2,2°-bipyridine-4,4’-dicarboxylate (deeb)

Diethyl 2,2’-bipyridine-4,4’-dicarboxylate (deeb) was synthesized

according to a modified literature procedure outlined by Ma et al.*® Initially,
2,2'-bipyridine-4,4'-dicarboxylic acid (0.30 g, 1.228 mmol) and concentrated
H2SO4 (1 mL) were refluxed in EtOH (10 mL) for 4 hours. The reaction
mixture was then allowed to cool to room temperature and distilled water

(30 mL) was added. The resulting white precipitate was then collected by

filtration and washed with MeOH before drying under vacuum. Yield: 0.28 g, 1.02 mmol, 82%.

IH NMR (400 MHz, CD3sCN): & (ppm) = 8.93 (m, 2H, pyridyl-H), 8.84 (d, 2H, pyridyl-H),

7.92 (d, 2H, pyridyl-H), 4.42 (g, 2H, CH,), 1.38 (t, 3H, CHs).

FT-IR vmac 3340 (W, br), 3109 (W), 2974 (w), 1728 (s), 1599 (w), 1559 (m), 1457 (w), 1369
(m), 1292 (s), 1248 (s), 1138 (s), 1088 (m), 1013 (s), 951 (m), 914 (w), 863 (m), 815 (W), 757

(s), 716 (w), 683 (s), 513 (w) cm L.

MS (ESI): Found m/z = 301.1148. Calculated m/z = 301.1188 for [C16H17N204]".
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6.2.2 Synthesis of [Ru(bpy)z]Cl:

- The ruthenium polypyridine precursor [Ru(bpy)2]Cl>  was

7 \ synthesized according to an adapted literature procedure outlined by
L INS Meyer et al.'t RuCls-3H,0 (2.00 g, 7.649 mmol), bpy (2.39 g, 15.298
cl /Ru"\N = mmol) and LiCl (2.15 g, 50.715 mmol) were refluxed together in reagent
A / , grade DMF (14 mL) for 8 hours. The reaction mixture was then cooled to

0 °C, causing the product to precipitate which was subsequently collected
by filtration. The black crystalline product obtained was then washed with distilled H.O
(3 x 10 mL) followed by diethyl ether (3 x 10 mL) before allowing the product to dry in air.
Yield: 1.593 g, 3.290 mmol, 43%.

IH NMR (400 MHz, DMSO-ds): & (ppm) = 9.96 (d, 1H, pyridyl-H), 8.63 (d, 1H, pyridyl-H),
8.48 (d, 1H, pyridyl-H), 8.07 (t, 1H, pyridyl-H), 7.76 (t, 1H, pyridyl-H), 7.67 (t,1H, pyridyl-H)
7.49 (d, 1H, pyridyl-H), 7.10 (t, 1H, pyridyl-H).

FT-IR vmax = 3473 (m, br), 3064 (w), 1611 (m), 1451 (m), 1419 (m), 1308 (w), 1269 (w), 1123
(W), 1020 (w), 967 (W), 895 (W), 799 (W), 764 (s), 725 (m), 653 (m) cm L.

MS (MALDI-TOF): Found m/z = 483.9837. Calculated m/z = 483.9795 for [C20H16Cl2N4RuU].
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6.2.3 Synthesis of [Ru(bpy)2(deeb)](PFs)2

— mpn The polypyridyl PS [Ru(bpy)2(deeb)](PFe)2
was synthesized according to an adapted literature
procedure described by Ma et al.l® Ru(bpy).Cl2
(38.0 mg, 0.08 mmol) and deeb (50.0 mg, 0.16

2FF¢ mmol) were refluxed in EtOH (10 mL) under an

atmosphere of nitrogen for 48 hours. The solvent was

then evaporated under reduced pressure, and the

resulting residue was recrystallized from an aqueous
saturated KPFs solution to afford the formation [Ru(bpy)2(deeb)](PFe)2 as a red powder.
Yield: 60.1 mg, 0.057 mmol, 69%.

'H NMR (400 MHz, DMSO-de): & (ppm) = 9.30 (m, 2H, pyridyl-H), 8.87 (t, 4H, pyridyl-H),
8.20 (m, 4H, pyridyl-H), 7.99 (d, 2H, pyridyl-H), 7.91 (m, 2H, pyridyl-H), 7.76 (d, 2H, pyridyl-
H), 7.71 (d, 2H, pyridyl-H), 7.76 (d, 2H, pyridyl-H), 7.50 (d, 2H, pyridyl-H), 4.44 (g, 4H, CH>),
1.37 (t, 6H, CHa).

FT-IR vmac 3119 (w, br), 1722 (m), 1606 (w), 1556 (w), 1468 (w), 1443 (w), 1368 (w),
1315 (m), 1255 (s), 1112 (w), 1022 (w), 876 (W), 828 (s), 763 (5), 725 (W), 663 (W) cm L.

MS (MALDI-TOF): Found m/z = 714.1584 and 859.1202. Calculated m/z = 714.1529 and
859.1170 for [CasH32NsOsRu] and [CasH32NsOsPFsRU], respectively.
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6.3 Synthesis of 5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrin (HsL1) and
Metalloporphyrin Complexes

In this section, the syntheses of the ditopic porphyrin ligand 5,15-bis(4-carboxyphenyl)-10,20-
diphenylporphyrin (HsL1) and its Cu"-, Ni'"- and Pt"-metallated analogues are described.

6.3.1 Synthesis of 5-(4-Carbomethoxyphenyl)dipyrromethene

o é The meso-substituted dipyrromethane 5-(4-
carbomethoxyphenyl)dipyrromethane was prepared using an adapted
literature procedure outlined by Lindsey et al.}2 Under an inert atmosphere

H H and while shielding from light, TFA (0.23 mL 0.343 mmol) was added to a
\N ] \ N/ solution of methyl-4-formyl benzoate (5.00 g, 30.4 mmol) in pyrrole

(150 mL, 2.162 mol), and the solution was stirred for 3 hours. NaOH (3.60 g,
0.090 mol) was then added and the reaction was stirred for a further 1 hour. The reaction
mixture was then filtered, and the filtrate was concentrated by evaporation of the solvent under
reduced pressure. Excess pyrrole was saved for later use. The obtained crude product was
subsequently purified by silica gel column chromatography using a mixture of hexane, DCM,
ethyl acetate and TEA in a ratio of 4:2:1:0.05 (vol/vol) as the eluting solvent before washing
with cold ethyl acetate yielding 5-(4-carbomethoxyphenyl)dipyrromethane as an off-white
powder. Yield: 4.26 g, 15.2 mmol, 50%.

'H NMR (400 MHz, CD3CN): § (ppm) = 8.94 (m, 2H, NH), 7.92 (m, 2H, aryl-H), 7.32 (m, 2H,
aryl-H), 6.66 (m, 2H, pyrrole-H), 6.02 (m, 2H, pyrrole-H), 5.77 (m, 2H, pyrrole-H), 5.52 (s,
1H, CH), 3.85 (s, 3H, CHs3).

13C NMR (100 MHz, CD3sCN): & (ppm) = 167 (s, 1C, carboxy-C), 150 (s, 1C aryl-C), 133 (s,
2C, pyrrole-C), 130 (s, 2C, aryl-C) 129 (s, 1C, aryl-C), 129 (s, 2C aryl-C), 119 (s, 2C,
pyrrole-C), 109 (s, 2C, pyrrole-C), 108 (s, 2C, pyrrole-C), 53 (s, 1C, CH3), 45 (s, g, 1C, CH).

FT-IR vmax: 3332 (s), 1701 (s), 1607 (m), 1555 (w), 1508 (w), 1434 (m), 1416 (w), 1290 (s),
1261 (m), 1199 (m), 1179 (m), 1115 (s), 1097 (m), 1032 (s), 962 (m), 868 (w), 803 (w), 781
(m), 729 (vs) cm™.

MS (ESI): Found m/z = 279.1128 and 280.1242. Calculated m/z = 279.1134 and 280.1218 for
[C17H15N202] and [C17H16N202] ", respectively.
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6.3.2 Synthesis of 5,15-Bis(4-carbomethoxyphenyl)-10,20-diphenylporphyrin (Mez2HzL1)

4 Under an inert atmosphere shielded from light,

o benzaldehyde (3.6 mL, 35.3 mmol) was added to a
solution of 5-(4-carbomethoxyphenyl)dipyrromethane
(9.60 g, 34.5 mmol) in dry DCM (3.3 L). To this
solution, TFA (6.6 mL) was then added dropwise over
1 minute. The reaction was then stirred for 3 hours
before adding p-chloranil (12.48g, 50.7 mmol) and
stirring overnight. TEA (6.6 mL) was then added to
quench the reaction, before removing the solvent under
reduced pressure. The crude product was then dry

loaded onto silica and purified using silica gel column chromatography with CH3Cl as the

eluent. A purple powder consisting of a number of different methoxy ester-substituted
porphyrins was obtained as the second purple band after tetraphenylporphyrin. This mixture

was then subjected to a second dry loaded silica column using DCM/hexane in a ratio of 2:1

(vol/vol) as the eluent to obtain the desired diester porphyrin in the third purple band.

Evaporation of the solvent under reduced pressure afforded 5,15-bis(4-carbomethoxyphenyl)-

10,20-diphenylporphyrin (Me,L1) as a purple powder. Yield: 0.6 g, 0.817 mmol, 17%.

!H NMR (400, MHz CDCls): § (ppm) = 8.80 (m, 4H, pyrrole-H), 8.75 (m, 4H, pyrrole-H), 8.45
(d, 4H, benzyl-H, J =9.2 Hz,), 8.28 (d, 4H, benzyl-H, J = 6.9 Hz), 8.20 (d, 4H, aryl-H, J =9.2
Hz), 7.78 (m, 6H, aryl-H), 4.12 (s, 6H, CH3), -2.78 (br, s, 2H, pyrrole-H).

MS (MALDI-TOF): Found m/z = 730.2417. Calculated m/z = 730.2580 for [CagH34N404].

FT-IR vmax: 3316 (W), 2948 (w), 1716 (s), 1601 (m), 1555 (W), 1471 (w), 1436 (m), 1401 (w),
1345 (w), 1271 (s), 1183 (m), 1103 (s), 1022 (w), 962 (m), 871 (W), 794 (s), 727 (s) cm ™.

UV-Vis (DMF): Amax/nm (/L mol™* cm™) = 415 (1.8 x 10°, Soret band, © — n*), 513 (9.0 x
103, Q band, © — n*), 546 (4.0 x 10%, Q band, & — n*), 590 (3.4 x 103, Q band, & — n*), 645 (2.9
x 103, Q band, T — m*).
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6.3.3 Synthesis of 5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrin (HsL1)

HO The ester 5,15-bis(4-carbomethoxyphenyl)-
O 10,20-diphenylporphyrin (H.Me;L1) was hydrolysed
0 Q according to an adapted literature procedure outlined by

Zhu et al.’® MezH,L1 (0.10 g, 13.7 mmol) was first

dissolved in a mixture of THF and MeOH (1:1 vol/vol,

60.0 mL) before adding an aqueous solution of KOH

O O (6.00 mL, 1.78 M) and heating to reflux for 2 days. The

0 reaction mixture was then cooled to ambient

OH temperature and the organic solvent was removed under

reduced pressure before dissolving the solid residue in distilled water (100 mL). The resulting

solution containing the dipotassium porphyrin salt was subsequently acidified using 1M HCI

until no further precipitation was observed. Following this, the precipitate was collected by

filtration before washing thoroughly using copious amounts of hot distilled water and hexane.

Finally, the porphyrin dicarboxylic acid HsL1 was obtained as a purple crystalline powder.
Yield: 0.09 g, 13.0 mmol, 95%.

'H NMR (400 MHz, DMSO-ds): § (ppm) = 8.86 (br, m, 8H, pyrrole-H), 8.36 (d, 4H, benzyl-H,
J=8.0Hz), 8.29 (d, 4H, benzyl-H, J = 8.0 Hz), 8.21 (m, 4H, aryl-H) 7.85 (m, 6H, aryl-H), 2.93
(s, 2H, pyrrole-H).

MS (MALDI-TOF): Found m/z = 702.2281. Calculated m/z = 702.2267 for [C4sH30N4O4].

UV-Vis (DMF): Amax/nm (/L mol™* cm™) = 415 (1.8 x 105, Soret band, & — n%), 512 (4.7 X
103, Q band, & — m*), 546 (3.5 x 10%, Q band, = — 7*), 590 (3.3 x 103, Q band, & — n*), 644
(2.2 x 103, Q band, & — 7*).

FT-IR vmac 3315 (W, vbr) 2923 (w), 2853 (w), 2531 (w), 1687 (s), 1599 (s), 1533 (m), 1472
(W), 1393 (s), 1281 (m), 1174 (w), 1134 (w), 1078 (w), 964 (s), 875 (w), 841 (w), 801 (s), 703

(vs) cm™.
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6.3.4 Synthesis of [5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrinato]-Cu'
(HzL1-Cu')

HO The porphyrin  [5,15-bis(4-carboxyphenyl)-

o 10,20-diphenylporphyrinato]-Cu" (H.L1-Cu') was

O synthesised according to adapted literature procedures
outlined by Zhu et al. and Cheng et al.’*'* A saturated

solution of Cu(OAc). (65.0 mg, 357 pmol) in MeOH

was added to a solution of Me;H>L1 (120 mg, 164

pmmol) in CHCI3z (20 mL), and the resulting mixture

O O was refluxed for 3 hours in the dark until complete

metalation was confirmed by TLC. The resulting

O

OH
solution was subsequently diluted with water (100 mL) and extracted using CHCl3. The organic

layer was then washed with brine before drying over MgSOa. The solvent was then removed
under reduced pressure, and the residue was recrystallized in DCM and MeOH (1:1 vol/vol) to
obtain orange crystals of the metalloporphyrin ester, [5,15-bis(4-carboxyphenyl)-10,20-di-
phenylporphyrinato]-Cu (Me.L1-Cu'"). This ester was subsequently dissolved in 60 mL of a
mixture of THF and MeOH (1:1 vol/vol), before adding an aqueous solution of KOH (6.0 mL,
1.78 M) to the mixture and heating to reflux for 24 hours. After confirming completion of the
hydrolysis by TLC, the reaction mixture was cooled to ambient temperature and the organic
solvent was concentrated under reduced pressure. The residue was then diluted with 50 mL of
water, before acidifying the resulting dipotassium salt with 1 M HCI until no further
precipitation was observed. Following this, the organic acid was collected by filtration before
thoroughly washing with hot water and hexane. Finally, the porphyrin dicarboxylic acid
product  [5,15-bis(4-carboxyphenyl)-10,20-diphenylporphyrinato]-Cu''  (H:L1-Cu') was
obtained as an orange powder. Yield: 90.0 mg, 118 pummol, 72%.

'H NMR (400 MHz, DMSO-ds): & (ppm) = 8.73 (br, m, 8H, pyrrole-H), 8.30 (d, 4H, benzyl-
H, J=7.8 Hz), 8.11 (d, 4H, benzyl-H, J = 7.8 Hz), 8.05 (d, 4H, aryl-H, J = 6.9 Hz), 7.76 (br,
m, 6H, aryl-H).

MS (MALDI-TOF): Found m/z = 763.1435. Calculated m/z = 763.1407 for [C4sH28CuUN4QO4].
UV-Vis (DMF): Amax/nm (¢/L mol* cm™) = 408 (1.6 x 10°, Soret band, 7 — 7*).
FT-IR vmax: 3619 (w, br), 2849 (w, vbr) 2544 (w, br), 1678 (vs), 1601 (m), 1444 (w), 1421 (m),

1284 (m), 1188 (w), 997 (s), 866 (W), 808 (s), 756 (W), 697 (s) cm .
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6.3.5 Synthesis of [5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrinato]-Ni'
(H2L1-Ni'

HO The metalloporphyrin [5,15-bis(4-

O carboxyphenyl)-10,20-diphenylporphyrinato]-Ni" was

O Q synthesized according to a procedure adapted from Zhu
et al. and Cheng et al.'®* A solution of Me;H;L1

(119 mg, 163 pmol) in toluene was refluxed at 110 °C

with Ni(acac). (56 mg, 0.220 mmol) for 2 days under

O O darkness. After complete metallation was confirmed by
o TLC, the mixture was poured into distilled H2O (50
OH mL) and extracted in CHCls. The organic layer was

subsequently washed with H>O (50 mL) and then brine (50 mL) before drying over anhydrous
MgSOas. The solvent was then evaporated under reduced pressure and the residue was
recrystallised in a mixture of CHCl3 and MeOH (1:1 vol/vol) which afforded the formation of
orange crystals of the metalloporphyrin ester [5,15-bis(4-carbomethoxyphenyl)-10,20-di-
phenylporphyrinato]-Ni"" (Me;L1-Ni'). This ester was then dissolved in 60 mL of a
THF/MeOH (1:1 vol/vol) mixture before adding an aqueous solution of KOH (6.0 mL, 1.78
M) and heating to reflux in the dark for 2 days. After confirming complete metallation using
TLC, the mixture was cooled to ambient temperature and the organic solvent was evaporated
under reduced pressure. The solid residue was then diluted with distilled H20 (50.0 mL) before
acidifying with 1M HCI until no further precipitation was observed. Following this, the
suspension was filtered and washed thoroughly with hot H.O and hexane. Finally, the
porphyrin dicarboxylic acid H2L1-Ni'' was obtained as an orange powder. Yield: 83.0 mg, 109
pmol, 67%.

'H NMR (400 MHz, DMSO-de): & (ppm) = 13.28 (vbr, s, 2H, COOH) 8.73 (br, m, 8H, pyrrole-
H), 8.30 (d, 4H, benzyl-H, J = 7.8 Hz), 8.13 (d, 4H, benzyl-H, J = 7.8 Hz), 8.02 (d, 4H, aryl-H,
J=6.9 Hz) 7.77 (m, 6H, aryl-H).

MS (MALDI-TOF): Found m/z = 758.1432. Calculated m/z = 758.1464 for [C4sH28NiN4O4].
UV-Vis (DMF): Amax/nm (¢/L mol ™t cm™) = 395 (1.5 x 10°, Soret band, t — 7*).

FT-IR vmax: 2845 (w, vbr) 2539 (w, br), 1683 (vs), 1604 (m), 1569 (w), 1472 (w), 1421 (m),
1288 (m), 1203 (W), 1174 (w), 1072 (w), 1004 (), 865 (W), 796 (s), 699 (s) cm ..
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6.3.6  Synthesis of [5,15-Bis(4-carboxyphenyl)-10,20-diphenylporphyrinato]-Pt"
(H2L1-Pt")

HO The metalloporphyrin [5,15-bis(4-

O carboxyphenyl)-10,20-diphenylporphyrinato]-Pt" was

O Q synthesized according to a procedure adapted from Zhu
et al. and Cheng et al.*3!* PtCl, (0.45 g, 1.69 mmol)

was added to a solution of Me;H,L1 (1.00 g, 1.08

mmol) in benzonitrile (112 mL) under N2 and refluxed

O O for 6 hours while shielding the reaction from light.
o After complete metallation of the porphyrin was
OH confirmed by TLC, the product was concentrated by

evaporating the solvent under reduced pressure. Remaining traces of benzonitrile were
removed from the crude product by entrainment by triturating with toluene (3 x 100 mL).
Removal of the volatile components under reduced pressure afforded a red solid which was
taken into CH3Cl (500 mL) and washed with distilled H.O (3 x 100 mL) before drying over
anhydrous MgSOas. Evaporation the solvent under reduced pressure afforded a red residue was
recrystallised in a mixture of CHCIz and MeOH (1:1 vol/vol), which yielded red crystals of the
metalloporphyrin ester [5,15-bis(4-carbomethoxyphenyl)-10,20-di-phenylporphyrinato]-Pt'
(Me2L1-Pt"). This ester was then dissolved in THF and MeOH (1:1 vol/vol, 60.0 mL), before
adding an aqueous KOH solution (6.0 mL, 1.78 M) to the mixture and heating to reflux for 2
days under darkness. After cooling to ambient temperature, the organic solvent was evaporated
under reduced pressure and the resulting residue was dissolved in distilled H2O (50.0 mL). The
dipotassium salt solution was then acidified using 1M HCI until no further precipitation was
observed, and the product was collected by filtration and washed thoroughly with hot water
and hexane. Finally, the product was purified by recrystallising in a mixture of acetone and
EtOH (1:1 vol/vol) to obtain the metalloporphyrin dicarboxylic acid (H2L1-Pt'") as a red
powder. Yield: 0.07 g, 0.08 mmol, 57%.

'H NMR (400 MHz, DMSO-dg): & (ppm) = 13.30 (vbr, s, 2H, COOH), 8.75 (m, 8H, pyrrole-
H), 8.37 (d, 4H, benzyl-H, J = 7.8 Hz), 8.30 (d, 4H, benzyl-H, J = 7.8 Hz), 8.18 (d, 4H, aryl-H,
J=7.0Hz), 7.84 (6H, m aryl-H).

MS (MALDI-TOF): Found m/z = 895.1777. Calculated m/z = 895.1758 for [CasH28PtN4O4].

UV-Vis (DMF): Amax/nm (¢/L molt cm™) = 406 (1.7 x 10°, Soret band, &t — 7*).
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FT-IR vmax: 2925 (W, vbr) 2546 (w, br), 2383 (), 1681 (C=0, s), 1604 (m), 1587 (w), 1505
(W), 1424 (m), 1357 (m), 1315 (m), 1268 (m), 1211 (w), 1177 (m), 1078 (m), 1013 (vs), 887
(w), 833 (w), 791 (s), 769 (m), 702 (s) cm .,
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6.4 Synthesis of Inorganic Complexes and Frameworks

The syntheses of the complexes and frameworks 1, 2 and 11 — 18 are described in this section.

6.4.1 Synthesis of [(L1-Cu')4Co"4(H20)4]-2DEA-8MeOH (1)

HzL1-Cu'" (1.4 mg, 1.82 pumol) and CoClz (5.2 mg, 40.0 umol) were dissolved in DEA (1 mL)
and MeOH (0.6 mL) by sonicating the mixture for 30 minutes. This solution was then filtered
into a glass vial, which was placed inside an autoclave and heated to 80 °C for 3 days. Following
this, the reaction mixture was gradually cooled to ambient temperature over a period of 1 day.
Following this period, crimson rod-shaped crystals had formed inside the vial which were
suitable for analysis by single crystal X-ray diffraction. Prior to use in catalytic experiments,
large single crystals of 1 were manually picked, filtered and washed with DMF and MeOH

before grinding into a fine powder using a mortar and pestle. Yield: 0.9 mg, 0.268 umol, 59%.

FT-IR vmax: 3629 (br, w), 3056 (br, w), 2972 (vbr, w), 2353 (w), 2121 (br, w), 1807 (w), 1604
(w), 1575 (m), 1533 (m), 1382 (s), 1342 (m), 1206 (w), 1182 (w), 1142 (w), 1105 (w), 1070
(w), 996 (s), 826 (W), 793 (s), 776 (s), 759 (m), 717 (s), 704 (vs) cm™™.

6.4.2 Synthesis of [(L1-Cu'')Co"(DEA)]-H20-3MeOH (2)

HzL1-Cu'" (1.2 mg, 1.56 umol) and CoClz (1.5 mg, 11.5 umol) were dissolved in DEA (1 mL)
and MeOH (0.5 mL) by sonicating for thirty minutes. Following this, 1 drop of acetic acid was
added to the solution, before heating the reaction mixture to 120 °C for 4 days. After this time,
the reaction mixture was allowed to slowly cool to ambient temperature. This afforded the
formation of red, plate-shaped crystals in moderate yield which were suitable for analysis using

single crystal X-ray diffraction. Yield: 0.6 mg, 0.608 pmol, 39%.

FT-IR vmac 2969 (vbr, m), 1594 (s), 1548 (m), 1373 (s), 1334 (s), 1276 (m), 1204 (w),
1181 (W), 1067 (), 994 (s), 832 (W), 797 (s), 773 (s), 699 (s) cm ™.

Elemental Analysis (%): Expected for [Cs2H39CoCuNsOs]-12H20: C 54.19, H 5.51, N 6.08.
Found: C 54.02, H 4.59, N 7.06.
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6.4.3 Synthesis of [Mn"""12Mn"7(4u-O)s(pus-OCHS3)2(u3-Br)s(HL2)12(MeOH)s(MeCN)]Br2-
9MeCN-MeOH (11)

The nonadecanuclear Mn-0xo cluster [Mn'"'1,Mn'"7( 1a-0)s(n3-OCHa3)2(ps-
Br)s(HL2)12(MeOH)s(MeCN)]Br2-9MeCN-MeOH (11) was prepared according to an adapted
literature procedure.’>® The ligand 2,6-bis(hydroxymethyl)-p-cresol (HsL2) (0.17 g, 1.01
mmol), MnBr2:4H,0 (0.3 g, 1.05 mmol) and TEA (0.17g, 2.88 mmol) were stirred in MeCN
(25 mL) and MeOH (5 mL) for 2 hours at 30 °C. This mixture was then heated to reflux for 2
hours, before allowing cool slowly to ambient temperature. The reaction mixture was then
filtered twice and allowed to crystallise by slow evaporation. After several days, uniform
deep-red coloured needle-shaped single crystals of 11 which were suitable for analysis using
X-ray diffraction had formed in moderate yield. Prior to catalytic measurements using 11, the
mother liquor was decanted, and the crystals were washed carefully using distilled water before
drying in air and grinding into a fine powder using an agate mortar and pestle. Yield: 98.0 mg,
23.6 umol, 28%.

FT-IR vmax: 3208 (w, br), 2932 (w), 2881 (w), 2828 (w), 2363 (s), 2337 (m), 1646 (w),
1609 (m), 1468 (s), 1351 (w), 1303 (w), 1255 (s), 1226 (s), 1160 (s), 1027 (s), 982 (s), 953 (W),
897 (m), 860 (m), 814 (m), 767 (W), 634 (s), 599 (s), 573 (s), 543 (s), 512 (s), 474 (s) cm™™.

Elemental analysis (%): Expected for [Ci17H149BrsMnigNOs:1]-MeOH-9MeCN: C 36.55;
H 4.04; N 3.03. Found: C 36.62; H 4.23; N 3.25.
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6.4.4 Synthesis of [Co''3(L3)2(H20)s]Cls-DMF-6H20 (12)

The trinuclear complex 12 was prepared according to a procedure developed within the Schmitt
group.” A solution of 4-imidazolecarboxaldehyde (0.29 g, 3.0 mmol) in MeOH (30 mL) was
added drop-wise to a solution of 1,3,5-tris(4-aminophenyl)benzene (0.50 g, 1.08 mmol) in
MeOH (30 mL). A few drops of acetic acid were then added to the resulting solution, before
heating the mixture to reflux overnight. The solvent was then evaporated under reduced
pressure, and the resulting solid was recrystallised from MeCN to give N,N',N"-tris-(1-methyl)-
1H-imidazol-4-ylmethylene)-1,3,5-triphenyl benzene (L3) as a cream coloured powder. The
resulting Schiff base L3 (100 mg, 0.17 mmol) and CoCl-6H.0 (60 mg, 0.25 mmol) were then
dissolved in DMF (7 mL) and heated to 75 °C for 2 hours. The resulting green solution was
then filtered before slowly diffusing THF into the filtrate over 24 hours, which afforded
uniform orange crystals of 12 that were suitable for analysis using single crystal X-ray
diffraction. Prior to catalytic experiments, crystals of 12 were collected by filtration and washed
in MeOH before grinding into a fine powder using a mortar and pestle. Yield: 50 mg, 26.4
pmol, 31%.

FT-IR vmax: 3354 (br, w), 3335 (vbr, w), 3127 (w), 2979 (s), 2885 (m), 2362 (w), 1622 (s),
1592 (s), 1503 (s), 1446 (s), 1392 (s), 1347 (m), 1295 (w), 1251 (w), 1157 (w), 1090 (m), 1016
(w), 957 (w), 895 (w), 828 (s), 761 (m), 737 (w), 702 (w) cm™,

Elemental Analysis (%): Expected for [Co3C72HssN1806Cle]-DMF-9H20: C, 48.93; H, 5.22; N,
13.38. Found: C, 48.8; H, 5.46; N, 13.01.
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6.45 Synthesis of [Mn''(HL1-Cu'")2(DEA)]-DEA (13) and [Mn'(L1-
Cu'")(MeOH),]-DEA-MeOH (14)

HoL1-Cu" (15.0 mg, 19.7 umol) and MnClI-2H,0 (3.20 mg, 19.8 umol) were dissolved in DEA
(11.0 mL) and MeOH (6.00 mL) by sonicating the mixture for 30 minutes. The resulting
solution was then transferred into an autoclave and heated to 120 °C for 4 days, before allowing
to cool slowly to ambient temperature. Following this, morphologically indistinguishable
crimson rod-shaped crystals of 13 and 14 formed in the reaction mixture which were suitable
for analysis using single crystal X-ray diffraction. Yield: 4.78 mg, corresponding to 2.46 umol
13 (33%) or 4.64 pmol 14 (24%).

FT-IR vmax: 2978 (br, w), 1607 (m), 1581 (s), 1536 (m), 1487 (w), 1366 (vs), 1282 (w), 1210
(w), 1175 (w), 1012 (w), 1001 (s), 831 (w), 796 (s), 697 (s) cm ™.

6.46 Synthesis of [Mn''(HL1-Ni")2(DMF);]-6DMF (15) and [(Mn'(L1-
Ni'")(DMF)2]-4DMF (16)

H2L1-Ni" (5.00 mg, 6.60 umol) and MnClz-2H,0 (3.20 mg, 19.8 pumol) were dissolved in
DMF (1 mL) by sonicating for 30 minutes. The resulting solution was then heated to 120 °C
for a period of 3 days, before allowing to cool slowly to ambient temperature. Following this,
uniform orange rod-shaped crystals of 15 and 16 had formed which were suitable for analysis
using single crystal X-ray diffraction. Yield: 3.59 mg, corresponding to 1.86 umol 15 (56%) or
2.87 umol 16 (43%).

FT-IR vmax: 3629 (w, br), 3049 (w, vbr), 2979 (w, vbr), 1656 (w), 1583 (m), 1532 (m), 1394
(s), 1343 (s), 1250 (w), 1203 (), 1169 (w), 1072 (w), 1003 (s), 833 (), 796 (s), 773 (m), 753
(w), 700 (s) cm™2.
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6.4.7 Synthesis of [ZnsO(HL1-Zn")3(H20)3] (17)

HasL1" (0.5 mg, 0.712 pmol) and Zn(NO3)2:6H20 (0.7 mg, 3.70 umol) were dissolved by
sonicating in a mixture of DMF (0.5 mL) and MeOH (0.7 mL) for 30 minutes. Following this,
the mixture was heated in an autoclave to 120 °C for 4 days before slowly cooling to ambient
temperature. After this period, a few transparent, block-shaped crystals of 12 had formed which
were suitable for analysis using single crystal X-ray diffraction. Yield: <0.1 mg.

FT-IR vmac 2920 (M), 2848 (W), 1688 (W), 1533 (s), 1458 (m), 1392 (w), 1268 (m), 1102
(m, br), 1028 (m, br), 793 (m), 734 (m) cm™ 2.

6.4.8 Synthesis of (TEAH)2[In""'(HL1-Cu')2(Ac)2]CI-H20 (18)

HoL1-Cu" (0.90 mg, 1.17 pmol) and InCI3 (1.2 mg, 5.4 pmol) were dissolved in DEA
(1.10 mL) and MeOH (0.20 mL) by sonicating the mixture for an hour. The resulting solution
was then transferred to a glass vial which was placed inside an autoclave and heated to 80 °C
for 4 days, before allowing to cool slowly to ambient temperature. Following this, orange
block-shaped crystals of 18 had formed in the vial which were suitable for analysis by single

crystal X-ray diffraction. Yield: <0.1 mg.

FT-IR vmax: 3386 (br, m), 2962 (br, m), 2804 (br, m), 2481 (w), 2365 (w), 1713 (w), 1611 (m),
1390 (s), 1345 (s), 1257 (s), 1208 (W), 1159 (m), 1050 (s), 1001 (s), 892 (M), 864 (M), 794 (vs),
703 (s) cm™L,
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7.1 Conclusion

The artificial photosynthetic production of H> from H>O and sunlight is a promising solution
to reduce our reliance on fossil fuels as it is renewable, carbon-free and energy-dense.!?
Switching to an economy based on H> may mitigate many of the challenges faced by
contemporary society by securing our energy supply, limiting GHG emissions and preventing
pollution arising due to the extraction and transportation of fossil fuels.>* The current
bottleneck of H.O splitting is the four-electron OER, owing to the high complexity and
endergonicity of this half-reaction.® Thus, the development of stable, inexpensive WOCs is a
significant contemporary scientific challenge.® Despite extensive efforts, no cost-effective
solution for sustainable solar fuel synthesis currently exists. Therefore, the discovery of novel

OER catalysts constructed from earth-abundant materials is a scientific imperative.’®

Inspiration for the design of molecular WOCs may be drawn from Nature.® In PS 1, an intricate
assembly of proteins and light-absorbing porphyrin cofactors funnel solar energy towards a
catalytic {MnsCaOs} cubane cluster.’® This Mn-oxo moiety mediates H2O oxidation with
exceptional efficiency and is stabilised by several amino acid residues including a closely
associated Y, which facilitates electron abstraction from the OEC.'? The preparation of
metalloenzyme-mimicking MOFs that incorporate catalytically active SBUs and have high
surface areas was recognised as one possible avenue to design supramolecular, PS Il-inspired
OER catalysts. Another approach highlighted to emulate the OEC was to use Mn-based clusters

with cubane motifs and that are stabilised by redox-active, Y-like ligands.

The aims of this project were to synthesise and characterise supramolecular, bioinspired
complexes and extended structures using metalloporphyrin ligands. A further aim was to
identify transition metal-based materials with potential catalytic H.O oxidation activity. The
final aim was to assess the catalytic OER activity of Mn- and Co-based compounds.

These aims were achieved with the synthesis of four bifunctional porphyrin ligands HslL1,
HoL1-Cu", HoL1-Ni" and HoL1-Pt" which were used to prepare five novel transition
metal-based MMPFs 1, 2, 13, 15 and 17, two new Mn-based coordination polymers 14 and 16,
and one novel transition metal-based complex 18. Moreover, a novel polymorph 11 was
discovered. Following this, an experimental protocol was developed to measure light-driven
H20 splitting catalysis. Testing a wide range of novel and literature-known materials suspected
of harbouring previously uncharted OER properties resulted in the discovery of twelve

compounds 1 — 12 that exhibit excellent O evolution properties. Indeed, the nonadecanuclear
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cluster 11 yields the highest turnover characteristics of any known molecular heterogeneous
Mn-based WOC under neutral conditions, whilst the activities of 1 and 12 compare favourably
with the activities of other earth-abundant metal-based OER catalysts in the literature.
Electrochemical investigations using 11 and 12 corroborate the results of photocatalytic
experiments, confirming the high activities of these compounds. In addition, post-catalytic
characterisation tests confirm that 1, 11 and 12 are true molecular WOCs, whilst computational
studies of 12 support empirical data and reveal a mechanism for catalytic H.O oxidation by
this compound.

A brief summary of the work discussed in each chapter of this report follows:

In chapter 2, the four dicarboxylic acid-functionalised porphyrin ligands HsL1, HoL1-Cu'",
H2L1-Ni'" and H,L1-Pt" were synthesised and characterised, and an experimental setup and
methodology was designed to measure the activity of OER or HER catalysts. HoL1-Cu'' was
then employed in the synthesis of two novel Co'-based bioinspired frameworks (1 and 2). The
3D MMPF 1 comprises a previously unreported, 8-connected partially hydrated {Co's} SBU
and features large solvent-accessible 1D channels. In contrast, 2 is a 2D framework constructed
from rod-shaped SBUs that are composed of alternating tetrahedral and octahedral Co'' centres.
In the solid state, 2 forms corrugated stacking sheets which are stabilised by = — 7 interactions.

Both of the bioinspired frameworks 1 and 2 feature potentially redox-active, labile coordination
sites suggesting either may be able to catalyse the OER. However, owing to the four terminal
aqua ligands present on the tetranuclear SBU of 1 and its large channels, this compound was
selected to use in OER studies. Hence, 1 was employed in a series of photocatalytic O2
evolution experiments. These tests revealed that 1 displays excellent catalytic H.O oxidation
activity which compared favourably to cutting-edge transition metal-based WOCs.1314
Furthermore, the O, evolution behaviour of 1 could not be attributed to in-situ CoOx or Co—Pi

formation.

In Chapter 3, a collection of compounds with structural similarities to the OEC were screened
for light-driven H.O oxidation activity. This assay resulted in the identification of eight
Mn-oxo clusters and one Mn-oxo cluster-derived coordination polymer (3 — 11) which display
O2 evolution activity. Prior to this work the catalytic OER properties of 3 — 11 had not been

described in the literature.

The nonadecanuclear Mn-0xo cluster [Mn"'12Mn"7(s--O)s(s--OCH3)2(Hs-
Br)s(HL2)12(MeOH)s(MeCN)]Br2:9MeCN-MeOH (11) revealed the highest activity towards
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light-driven H20 oxidation out of all of the structures screened. Therefore, this compound was
resynthesized and characterised using single crystal X-ray diffraction and other supplementary
techniques. This led to the discovery of a novel polymorph containing a known Mn-oxo cluster
core. Following on from this, 11 was employed in a series of additional photo- and
electrocatalytic investigations which confirmed that 11 is a genuine, highly active molecular
WOC.

In electrochemical experiments using 11, a catalytic response was elicited at a low applied
onset overpotential of 1 = 255 mV. Under photochemical conditions, a max. TOF = 0.57 s*
and a TON = 80 were achieved using this catalyst. The exceptional catalytic performance of
11 was attributed to a synergistic effect between the cluster’s Mn-0xo core and its stabilising,

Y-like, redox-active p-cresol (HL2) ligand derivatives.'>®

In chapter 4, the synthesis and characterisation of a Co'-based halide-MOF
[Co'"3(L3)2(H20)6]Cls:DMF-6H,0 (12) was described. This supramolecular structure was
successfully employed as a heterogeneous WOC under electro- and photochemical conditions.
Catalytic experiments demonstrated that 12 is a competent catalyst for H,O oxidation,
exhibiting a max. TON = 74.3 and TOF = 1.21 st in the presence of a SEA and PS, and a
reasonably low onset overpotential for catalytic H.O oxidation of n = 465 mV as part of a
modified CP electrode. This activity surpasses that of many transition metal-based WOCs in
the literature.!”'® Furthermore, post-catalytic characterisation experiments indicated that the
observed catalytic activity stems solely from 12. DFT calculations were performed to propose
a catalytic mechanism for O evolution which agrees well with the experimental data.

In Chapter 5, the use of the porphyrin ligands HsL1 HoL1-Cu'" and HoL1-Ni'" in the synthesis
of an additional six novel frameworks, coordination polymers and complexes (13 — 18) is
described. Each of these compounds were characterised using single crystal X-ray analysis and
other supplementary characterisation techniques. 13 and 15 are 1D coordination polymers that
stack via m — m interactions to generate a 2D supramolecular framework, whilst 14 and 16 are
2D MMPFs with characteristic layered architectures. 13 and 15 form under the same reaction
conditions as an inseparable mixture, as do 14 and 16. Physicochemical characterisation
indicated that the 1D coordination polymer is the dominant compound in both product
mixtures. 17 is a quadruply interpenetrated 3D MMPF comprising six-connected {Zn'"O4}
SBUs connected through (L1-Zn')?>" ligand derivatives, whereas 18 is an In''-based
(HL1-Cu')™ dimer.
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As 13 — 16 each feature labile solvent moieties that coordinate to potentially redox-active Mn'"
centres, these novel structures were rationalised as promising materials to use in catalytic OER
and HER investigations. Thus, the heterogeneous catalytic activities of 13 — 16 were assessed
under photocatalytic conditions. In these experiments the O2 or Hz evolution activities of
13 — 16 were found to exceed that of control experiments where no WOC or HEC was present.
However, these Mn-based extended structures did not exhibit true catalytic behaviour, as their
calculated TONs were less than 1. This was attributed to the lack of substrate-accessible

metallic centres in the crystal structures of these compounds.
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7.2 Future Work

There are a number of possible directions in which this work could be continued. Several

general areas (<) for future investigations and specific avenues (>) which could advance this

research follow:

< Modification of the porphyrin ligands HsL1, H,L1-Cu" and H.L1-Ni" to synthesise

X/

structural analogues of 1, 2 and 13 — 18 with improved catalytic properties.

Alternative metals ions such as Zn', Mn'"" or Co'" could be incorporated within the

metalloporphyrin ligands to tune their photophysical and redox catalytic properties.

Porphyrins with greater resistance to attack by reactive oxygen species might be
prepared by incorporating Cl or F atoms at the ortho positions of these ligand’s meso
substituted aryl groups.'® These modified macrocycles may be used to synthesise more
robust MMPF WOCs.?°

Finally, the metalloporphyrin H,L 1-Cu" could be extended by incorporating additional
alkenyl or aryl ‘spacer’ groups to increase the ligand’s length along its longest axis.
This extended linker could then be used to prepare isoreticular analogues of 1 with

larger channels, higher surface areas and (potentially) faster catalytic kinetics.?

Modification of the {Mnig} system (11).

Synthesising derivatives of the p-cresol ligand HsL2 could allow various analogues of
11 to be prepared with potentially enhanced catalytic properties. For example, adding
electron donating substituents to HsL_2 may stabilise the Mn-oxo core during the OER.?
Further, derivatives of the ligand HsL2 containing more robust binding groups such as

carboxylates could be employed to generate clusters with heightened stability.

Incorporation of heterometallic ions into the {Mnio} system such as Ca' or Ba'.?
Catalytic testing of these mixed-metal variants would be interesting to see how their

activities compare with that of 11.
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+«+ Continued investigation of the catalytic OER and HER properties of 1 — 11.

» Electrochemical experiments using 1 could be conducted to further characterise the
catalytic OER behaviour of this compound, and to corroborate the results of light-driven

H>O oxidation experiments outlined in Chapter 2

» Photo- and electrochemical tests could be performed to establish the catalytic H.O
oxidation activity of the 2D Co'-based MMPF 2. The catalytic activities of 1 and 2

might then be compared.

» Further characterisation and optimisation of the OER catalytic behaviour of the Mn-oxo
compounds 3 — 10, paying particular attention to 6 as this system displayed highly

promising Oz evolution properties.
» Post-catalytic characterisation of 3 — 10 could be carried out.

» Computational modelling could be employed to elucidate the mechanism of catalytic
H20 oxidation by the Mn-oxo cluster 11 to better understand the exceptional activity
of this WOC.

D

» Optimisation and modification of the applied reaction conditions.

» The employed reaction parameters in the synthesis of 1 — 18 such as temperature,
pressure, solvent system, pH value, reaction time, metal to ligand ratio, metal
counterion identity and the presence of modulators could be modified to either increase

the yields of these compounds or to generate novel and interesting structures.

» The dimensionality of the 2D MMPFs 2, 14 and 16 could be increased by employing a
pillaring strategy. Adding a ditopic N-donor linker such as bpy at a late stage in the

synthesis of these materials could give rise to 3D MMPFs with permanent porosity.

> The synthesis of the Zn'"-based framework 17 and the In""-based dimer 18 could be
optimised to improve their yields, thus facilitating further characterisation and catalytic

testing of these compounds.

» Post-synthetic modification of 17 could be carried out to generate a 3D MMPF which

features photoactive linkers and catalytically active nodes.
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Crystallographic Information and Refinement Parameters

Table 8.1 — Crystal data and structural refinement parameters for 1.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

pealcg/cm?

p/mm

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 1

Co2H59C02CU2Ng0O11.5
1705.41

99.98

Orthorhombic

Pbcn

17.2902(7)

29.5685(10)

43.6523(16)

90

90

90

22317.0(14)

8

1.015

3.116

6968.0

0.13x 0.1 x0.02

CuKa (L = 1.54178)

2.02 t0 102.54
-17<h<12,-26<k<29,-44<1<43
93119

12091 [Rin = 0.0683, Reigma = 0.0489]
12091/14/1033

1.042

R1 =0.0598, wR, = 0.1843
R1=0.0759, wR> = 0.1992
0.78/-0.33
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Table 8.2 — Crystal data and structural refinement parameters for 2.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

Y/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 2

Cs2H39C0CuUNsOs

936.35

215(2)

Monoclinic

P2/c

8.668(3)

14.858(5)

39.439(14)

90

94.76(2)

90

5062(3)

4

1.229

3.473

1928.0

0.18 x 0.10 x 0.02

CuKo (A = 1.54184)

4.496 t0 105.11
-8<h<7,-15<k<15,-28<1<40
28227

5758 [Rint = 0.0465, Rsigma = 0.0415]
5758/0/578

1.056

R1 =0.0607, wR2 = 0.1699
R1=0.0726, wR> = 0.1784
0.40/-1.26
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Table 8.3 — Crystal data and structural refinement parameters for 11.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 11

Ca65.5H333.5Br16MnsgN170104
8793.25

99.99

Monoclinic

P21/n

14.5729(10)

33.050(2)

17.6322(12)

90

93.3150(10)

90

8478.2(10)

1

1.722

3.323

4388.0

0.2 x 0.09 x 0.08

MoKa (A =0.71073)

3.058 to 58.314
-19<h<19,-45<k<45,-24<1<24
329005

22828 [Rint = 0.0668, Rsigma = 0.0302]
22828/117/1104

1.151

R1 =0.0585, wR> = 0.1458
R1 =0.0860, wR> = 0.1647
1.71/-2.11
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Table 8.4 — Crystal data and structural refinement parameters for 12.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

Y/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

Compound 12

C72HgsClsCo3sN15021
1941.17

123(2)

Hexagonal

P6522

24.2974(14)

24.2974(14)

53.285(4)

90

90

120

27243(4)

6

0.710

0.397

6042.0

0.30 x 0.25 x 0.05

MoKa (A = 0.71073)

1.936 to 50.144
-28<h<28,-28<k<28,-63<1<63
296060

16106 [Rint = 0.1484, Rsigma = 0.0946]
16106/32/504

0.936

R1=0.0707, wR2 = 0.1762
R1=0.1220, wR2 = 0.1912
0.59/-0.33

0.10(4)
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Table 8.5 — Crystal data and structural refinement parameters for 13.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

v/°

Volume/A3

z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 13

C108.72Hgs.15CU2MnN10.82010.82
1901.22

100(2)

Monoclinic

C2/c

42.9827(13)

10.8296(3)

25.7438(8)

90

123.6450(10)

90

9976.0(5)

4

1.266

2.026

3943.0

0.240 x 0.230 x 0.040

CuKa (A = 1.54178)

4.938 to 136.962
-51<h<51,-12<k<12,-31<1<30
75407

9130 [Rint = 0.0575, Reigma = 0.0351]
9130/3/664

1.042

R1=0.0502, wR> = 0.1402
R1 =0.0576, wR> = 0.1469
0.84/-0.58
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Table 8.6 — Crystal data and structural refinement parameters for 14.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

Y/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 14

Cs2.25H44.01CUMNN4,6307.36
973.06

100(2)

Triclinic

P-1

8.9816(4)

14.5078(7)

19.8421(10)

108.876(3)

97.599(3)

95.625(3)

2397.5(2)

2

1.348

3.156

1006.0

0.280 x 0.040 x 0.030
CuKa (A = 1.54178)

4.78 to 137.328
-9<h<10,-17<k<17,-23<1<23
27291

8701 [Rint = 0.0864, Reigma = 0.1053]
8701/9/642

1.082

R1 =0.1295, wR2 = 0.3524
R1=0.1543, wR> = 0.3694
3.02/-1.51
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Table 8.7 — Crystal data and structural refinement parameters for 15.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

v/°

Volume/A3

z

pealcg/cm?

p/mm?t

Crystal size/mm?3
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 15

C116H110MnN16Ni2016
2156.55

100(2) K)

Triclinic

P-1

11.6826(5)

15.5000(7)

15.6690(7)

79.6331(14)°.

68.2046(13)°

76.2617(14)°

2545.9(2)

1

1.407

0.669

0.310 x 0.170 x 0.140 mm3
CuKa (A = 1.54178)

2.954 10 53.194

-16<h<16, -21<k<21, -22<I<22
116084

15137 [R(int) = 0.0246]
15137 /1/692

1.033

R1 =0.0295, wR2 =0.0762
R1 =0.0361, wR2 = 0.0805
0.897 and -0.436
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Table 8.8 — Crystal data and structural refinement parameters for 16.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

Y/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 16

CsgHs54MnNgNiOs

1104.74

173(2)

Triclinic

P-1

14.771(3)

17.982(3)

21.039(4)

83.51(3)

69.80(3)

89.48(3)

5208.2(18)

4

1.409

0.669

2300.0

0.50 x 0.35 x 0.06

MoKa (A =0.71073)
2.954 10 53.194
-18<h<18,-22<k<22,-26<1<26
39368

21370 [Rint = 0.0504, Rsigma = 0.0917]
21370/0/1369

1.057

R1 =0.0760, wR2 = 0.2006
R: =0.1341, wR> = 0.2336
1.47/-0.53
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Table 8.9 — Crystal data and structural refinement parameters for 17.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

p/e

v/°

Volume/A3

Z

pealcg/cm?

p/mm?t

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 17

Ci138H78N12016Zn7

2617.71

100(2)

Trigonal

R-3c

39.117(8)

39.117(8)

14.884(3)

90

90

120

19723(9)

6

1.322

1.930

7968.0

CuKo (A = 1.54184)
12.85t0 82.174
-22<h<21,-31<k<32,-7<1<12
5590

1384 [Rin = 0.0383, Rsigma = 0.0347]
1384/3/228

1.140

R:1=0.0782, wR> = 0.2311
R1 =0.0885, wR> = 0.2404
0.66/-0.44
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Table 8.10 — Crystal data and structural refinement parameters for 18.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

p/e

v/°

Volume/A3

Z

pealcg/cm?
p/mm?t

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Compound 18

INCu2Cl013N10C104Hg4
1959.16

215.01

Monoclinic

C2/c

11.726(4)

24.198(8)

33.800(11)

90

97.81(4)

90

9501(6)

4

1.370

3.253

4024.0

0.26 x 0.06 x 0.01

CuKa (A = 1.54184)

5.278 to 125.162
-13<h<13,-25<k<26,-38<1<37
30028

7459 [Rint = 0.0626, Rsigma = 0.0552]
7459/6/567

1.099

R1=0.0810, wR> = 0.2213
R1 =0.0930, wR2 = 0.2279
1.31/-0.98
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Attached CD-ROM

The attached CD-ROM contains various files related to this thesis. The folder *CIF’ contains
crystallographic information files for each of the novel compounds presented in this work. The
folder ‘Organic Characterisation’ contains NMR, MS, FT-IR and UV-Vis data for the organic
compounds presented in Chapter 6. The folder ‘PDF’ contains an electronic copy of this thesis.
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