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Artificial photosynthesis requires catalysts for efficient and selective conversions of small
molecules. Molecular catalysts are advantageous to use in these instances as they offer precise
control over chemical reactivity. They are synthetically tuneable, and their catalytic mechanisms
are often well documented and more readily understood than those of solid-state catalysts.
In this thesis, the synthetic incorporation of molecular catalysts into heterogenised molecular
anodes for water oxidation are evaluated. The catalysts are incorporated as structural linkers
into porous metal-organic framework (MOF) structures, and as coordination oligomers stacked
onto graphitic surfaces.

The preparation of MOF/molecular catalyst hybrid materials of two topologies, UiO (UiO =
Universitet i Oslo) and NU-1000 (NU = Northwestern University), were investigated. Multiple
synthetic methods for the incorporation of molecular ruthenium-based catalysts into MOFs were
examined in papers I and II. In paper III of this thesis, a Ru-bda type molecular complex was
successfully used in the solvothermal synthesis of a new MOF. The resulting material is the
first of its kind that is built exclusively from molecular water oxidation catalyst linkers. It is
shown that MOF incorporation greatly enhances the structural stability of the catalyst linker
in chemical water oxidation experiments, giving rise to higher turnover numbers compared
to that of a homogenous reference system. Finally, paper IV describes a stable and inert
molecular ruthenium complex, which possesses a flexible adaptative multidentate equatorial
(FAME) type equatorial ligand with a carbanion on the equatorial ligand that forms a C-Ru
bond. This molecular complex is studied in homogeneous phase, and subsequently incorporated
into a coordination oligomer, which can be activated for water oxidation catalysis. This
finding broadens the field of molecular catalysis significantly, and proves that supramolecular
interactions can be used to promote electrocatalysis in complexes which are otherwise too inert
and stable to engage in electrocatalytic reactions.
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Science cannot solve the ultimate mystery of nature, and that is because 
in the last analysis, we ourselves are a part of the mystery that we are 
trying to solve. 

Max Planck
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Abbreviations 

α  alpha 
Ω  omega  
bdc   benzenedicarboxylic acid 
bipy   4,4’-bipyridine 
bda                  2,2'-Bipyridine-6,6'-dicarboxylic Acid 
BET   Brunauer-Emmett-Teller 
CN   cyanide 
CNT   carbon nanotubes 
CV   cyclic voltammetry/voltammogram 
DEF   diethylformamide 
DMA   dimethylacetamide 
DMF   dimethylformamide 
DMSO   dimethylsulfoxide 
Dpa                  ((5-methyl-1,3-phenylene)bis(pyridine-6,2-diyl))bis(phosphonic 
acid) 
Edba  4,4'-ethynedibenzoic acid 
EDX  energy-dispersive X-ray spectroscopy 
GC  glassy carbon electrode 
HER  hydrogen evolution reaction 
ICP-OES  inductively coupled plasma-optical emission spectroscopy 
Ina  iso-nicotinic acid 
IPCC  Intergovernmental Panel on Climate Change 
LbL  layer-by-layer 
MOF  metal-organic framework 
MWCNT  multi-walled carbon nanotubes 
NHE   normal hydrogen electrode 
NMR   nuclear magnetic resonance 
NU   Northwestern University 
phbs                 Phosphate Buffer Solution 
PSE    post-synthetic exchange 
PSI    post-synthetic insertion 
PXRD    powder X-ray diffraction 
Py   pyridine 
PyR    pyridine derivative 
Py(PhCOOH)  4,4'-(pyridine-3,5-diyl)dibenzoic acid 
SALE    solvent-assisted linker exchange 



SALI              solvent-assisted ligand insertion 
SAM  self-assembled monolayer 
SBU  secondary building unit 
SEM  scanning electron microscopy 
SLI  sequential linker installation 
SURMOF  surface-mounted metal-organic framework 
H4TBAPy  (1,3,6,8-pyrenetetrayl)tetrakis-benzoic acid 
Tda  2,2’:6’,2’’-terpyridine-6,6’’-dicarboxylic acid 
UiO  Universitet i Oslo 
UNECE  United Nations Economic Commission for Europe 
WO  water oxidation 
WOC  water oxidation catalyst 
WWCNT  Multi-wall Carbon Nanotubes 
XPS X-ray photoelectron spectroscopy 
XRD  X-ray diffraction 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Symbols 

Symbol Meaning Standard Unit 𝐶  Concentration of species i M, mol cm-3 𝐶  Total concentration of molecular Ru catalyst 
within MOF 

M, mol cm-3 𝐶  Bulk concentration of solution species A M, mol cm-3 𝐶  Total electroactive concentration of redox ac-
tive linker, P 

M, mol cm-3 𝐶∗ Total concentration of redox-active linker, P M, mol cm-3 𝐶  Bulk concentration of substrate M, mol cm-3 𝑑  Film thickness cm 𝐷  Diffusion coefficient of species 𝑖 cm2 s-1 𝐷  Electron hopping diffusion coefficient for 
charge transport 

cm2 s-1 𝐷  Intra-MOF diffusion coefficient of substrate cm2 s-1 𝐸 Electrode potential V 𝐸  Initial potential V 𝐸  Peak potential V 𝐸 /  Potential at half peak current V ∆𝐸  Peak potential separation V 𝐸  Standard potential V 𝐸  Formal potential V 𝑭  Molar flux of species 𝑖 mol cm-2 s-1 𝐹 Faraday Constant C mol−1 𝑖 Current A 𝑖  Peak current A 𝑖  Peak anodic current A 𝑖  Peak cathodic current A 𝑖  Characteristic current density for substrate dif-
fusion in solution 

A cm-2 𝑖  Characteristic current density for substrate dif-
fusion within film 

A cm-2 𝑖  Characteristic current density for diffusional 
charge transport 

A cm-2 



𝑖  Characteristic current density for catalytic re-
action 

A cm-2 𝑗 Current density A cm-2 𝑘 Second order rate constant of chemical step M-1 s-1, cm3 mol-1 s-1 𝑘  Standard interfacial rate constant cm s-1 𝑘  Forward interfacial electron transfer rate con-
stant 

cm s-1 𝑘  Backward interfacial electron transfer rate 
constant 

cm s-1 𝑘  Overall second order rate constant for O2 re-
lease step 

M-1 s-1, cm3 mol-1 s-1 𝑘  Second order rate constant of the jth oxidation 
state reaction 

M-1 s-1, cm3 mol-1 s-1 𝑘  Second order rate constant of water nucleo-
philic attack 

s-1 𝐾  First order rate constant for O2 release step s-1 𝑘  Observed catalytic rate constant s-1 𝑘  Rate of consumption/production of species 𝑖 
by chemical reaction steps 

M s-1, mol cm-3 s-1 𝑁  Avogadro constant mol-1 𝑅 Ideal Gas Constant J K mol-1 𝑆 Surface area cm-2 𝑡 Time s 𝑇 Temperature K 𝑇𝑂𝐹 Turn Over Frequency S-1 
TON Turn Over Number n.a. 𝑣  Total production rate of O2 mol s-1 𝑣  Maximum production rate of O2 mol s-1 𝛤  Electroactive surface coverage of species 𝑖 mol cm2 𝛤∗ Total surface concentration of species 𝑖 mol cm-2 𝛿  Reaction-diffusion layer thickness cm 𝛿 Diffusion layer thickness cm 
ⴄ Overpotential V 𝑛  Number of Electrons C 𝑘  Partition equilibrium constant for substrate 

crossing MOF film-solution interface 
n.a. 𝑣 Scan rate V s-1 ∇  Laplacian operator n.a. 𝑄 Charge C 

 
 
 



 

 13

1 Introduction 

1.1 Natural Photosynthesis 
Photosynthesis is the process in which green plants, algae and cyanobacteria 
store the energy from the sun in the form of chemical bonds. In this process, 
the energy gathered from sunlight is utilised to oxidise water into dioxygen, 
which is released into the environment as a by-product. Generated protons and 
electrons are ultimately combined with carbon dioxide to form carbohydrates. 
The overall reaction is summarised in Figure 1.1.    

Figure 1.1. Simplified equation for the process of natural photosynthesis. 

Nature has evolved various enzymes to catalyse key transformations in natural 
photosynthesis. Oxidation of water takes place in a complex protein system 
called photosystem II (PSII) and, more specifically, in its oxygen evolution 
centre (OEC). PSII is situated in the thylakoid membrane together with cyto-
chrome b6f, photosystem I (PSI) and ATP synthase, which are the responsible 
for the formation NADPH and ATP. 

The process of photosynthesis starts with the adsorption of sunlight by chlo-
rophyll P680 and pigments in PSII. The excited P680* engages in an electron 
transfer to pheophytin (pheo), which generates a charge separated state with 
the highly oxidising species P680*+. This species provides the driving force 
for the oxidation of a nearby tyrosine residue (Yz), which is responsible for 
abstracting one electron from the OEC.1 This process is repeated four times to 
accumulate enough oxidising equivalents to oxidise water. The electrons that 
are produced in the process are channelled away from P680 through an elec-
tron transport chain, ultimately arriving at PSI (Figure 1.2.).  

In PSI, NADPH (Nicotinamide Adenine Dinucleotide Phosphate) as a hydro-
gen carrier is produced from NADP+, as well as the energy vector molecule  
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Figure 1.2. Schematic representation of the photosynthetic process. Light is absorbed by chlo-
rophyll P680 in PSII. The excited P680* engaged in an electron transfer to a nearby trpheo-
phytin to produce a P680+ oxidant that drives water oxidation at the oxygen evolution centre 
(OEC). Reprinted with permission from the Multidisciplinary Digital Publishing Institute 
(MDPI). A. P. Manuel et al / Nanomaterials 2021, 11, 1249.  

ATP (Adenosine Triphosphate). Afterwards, NADPH and ATP will be used 
for fixing atmospheric CO2 in the stroma of the chloroplast.2, 3  

Many XRD, XAS and DFT studies have been carried out to determine the 
structure of the OEC responsible for water oxidation in natural systems.4 

These studies show that the OEC is comprised of a Mn4CaO5 cluster. The cal-
cium and three of the four manganese cations are bridged by oxo species to 
form a cubane structure, with the fourth manganese centre being linked to two 
Mn cations of the cubane through µ-oxo bridges. Amino acid residues from 
the surrounding peptide backbone, as well as water molecules, Complete the 
coordination sphere around the cluster (Figure 1.3).5 

                                             

 

 

 

 

 

Figure 1.3. X-ray crystal structure of the oxygen evolution centre (OEC) of photosystem II. The 
Mn4CaO5 cluster contains three manganese cations and a calcium centre bridged by oxo spe-
cies to form a cubane structure. Reprinted with permission of Nature. M. Suga et al / Nature, 
2015, 517, 99 – 103. 
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1.2 Artificial Photosynthesis Devices 
Artificial photosynthesis deals with the use of sunlight in order to oxidize wa-
ter (eq. 1) with the aim of using the released H+ and e- for reducing either H+, 
CO2 or N2 into H2, hydrocarbons or NH3 (eq 2-4). Conversion of solar energy 
to chemical energy effectively stores the energy for later use, hence has po-
tential for applications in renewable energy.  
 2H O → O 4e 4H  eq. 1 

4e 4H CO  → CH O H  eq. 2  

4e 4H → 2H  eq. 3 

4e 4H 23 N → 43 NH  eq. 4 

The splitting of two water molecules to produce hydrogen is the result of two 
coupled half-reactions, the oxidation of the water (eq. 1) and the reduction of 
the generated protons to molecular hydrogen using the released electrons (eq. 
3). Treating water-splitting as two separate half reactions allows rational de-
sign and optimisation of catalysts for the cathode and anode materials Artifi-
cial photosynthetic devices have been developed using three different ap-
proaches,6 which are photovoltaic electrolyser cells (PV/electrolyser), photo-
electrochemical cells (PECs) and mixed colloid devices (Figure 1.4).7 

Figure 1.4. Artificial photosynthetic devices for hydrogen production. Left is the PV/electro-
lyser, centre is the photoelectrochemical cell and right is the mixed colloid device. Reprinted 
with permission from the American Chemical Society. J. R. McKone et al / Chem. Mater. 2014, 
26, 1, 407 – 414. 
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The PV/Electrolyser design consists of two autonomous devices; a commer-
cial PV cell as light absorber, which is connected to the water oxidation and 
proton reduction catalysts. The main advantage is the large amount of PV cells 
and heterogeneous catalysts that are available. One of the main problems for 
large-scale applications is the high costs of PV cells. An alternative design is 
found in mixed colloids, where the photosensitizer and catalyst are integrated 
in particles and suspended in an electrolyte. Although this is a low-cost alter-
native, these systems are not yet viable and require improvements in solar to 
hydrogen efficiencies.  

PECs represent a balance between the efficiency and viability of PV/electro-
lyser cells and the simplicity of mixed colloids. These types of cells consist of 
separate photoanodes and photocathodes which are connected by a separate 
junction. The anode compartment contains an electrode with photosensitive 
material capable of adsorbing photons from sunlight and provoke charge sep-
aration (n-type), and a water oxidation catalyst which is often based on metal 
oxides or anchored molecular catalysts. The cathode compartment consists of 
a p-type photosensitive material and a hydrogen evolution catalyst.  

A membrane junction physically separates the two compartments and allows 
the flow of protons from the anode to the cathodes. Under operation, absorp-
tion of a photon by the photosensitive semi-conductive material, results in the 
excitation of an electron from the valence band to the conduction band, creat-
ing an electron-hole pair. The electron is going to the back contact and ulti-
mately through the external circuit to the cathode, while the holes accumulates 
oxidative equivalents to the anode catalyst. This is regenerated by the WO 
catalyst, which accumulates oxidative equivalents. When four oxidative 
equivalents are accumulated, water oxidation can take place. At the same time, 
light (preferably of a different wavelength) is absorbed by the cathode semi-
conductor, leading to other electron-hole pair. The holes combine with the 
electrons from the anode, while the electrons accumulate at the reduction cat-
alyst to reduce protons to molecular hydrogen.   

In an ideal case, new components such as light absorbers or catalysts should 
be studied in such a device context. For practical reasons, this is normally not 
the case, and newly designed catalysts studied independently by using sacrifi-
cial electron donors and acceptors as replacements of the anode and cathode, 
respectively. Newly designed catalysts are often studied without the limiting 
light reaction, using chemical oxidants or reductants in dark reactions.  

The most common sacrificial oxidants that are used in the context of water 
oxidation are cerium ammonium nitrate (CAN), [Ru(bpy)3]3+, potassium peri-
odate or potassium peroxymonosulfate (OXONE) while ascorbic acid or tri-
methylamine (TEA) are the most common reductants for the hydrogen 
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evolution reaction. Electrochemically triggered WO and HER processes have 
also been extensively studied during the last years, providing fast and simple 
setups for analysing the catalytic performance of new catalysts.  

1.3 Water Oxidation Catalysts 
The oxidation of two molecules of H2O requires the transfer of four electrons, 
the breaking of four O-H bonds and the formation of an O=O bond. Due to its 
molecular complexity, the oxidation half reaction is currently the bottleneck 
of this process for developing an efficient and robust water splitting device.  

Moreover, it’s a thermodynamically highly demanding reaction (E° = 1.23 V 
vs. NHE at pH= 0), that depending on the catalyst, can exhibit high activation 
barriers for some of the elementary steps. Thus, a catalyst capable of accumu-
lating four oxidative equivalents and operating close to the thermodynamic 
WO potential is necessary. Besides, an ideal WO catalyst must be able to in-
teract with photosensitizing materials and be stable in water at high oxidation 
states to avoid degradation during catalysis.  

1.4 Mechanism of Water Oxidation Catalysis 
An important factor for the design of molecular water oxidation are the mech-
anisms by which they operate. Transition metals in their high oxidation states 
containing the M-O group can be described using two resonance forms, de-
pending on whether the oxidation involved predominantly the metal centre or 
at the oxygen. Water oxidation complexes usually have two possible pathways 
of operation, which water nucleophilic attack (WNA) or interaction of two M-
O units (I2M) (Figure 1.5.). 

A WNA mechanism is found when the auxiliary ligands favour the stabilisa-
tion of the peroxo intermediate. The mechanism usually begins with a Ru-
aqua species. At this point, an incoming water molecule from the solvent at-
tacks the M=O bond via nucleophilic attack to generate an intermediate hy-
droperoxide species. The formation of the hydroperoxide intermediate from 
Ru(V) is followed by another two electron reduction to generate a [Ru(III)-OOH] 
species.8 The solvent water molecules also have additional affects, as the pres-
ence of two or three water molecules lowers the transitional energy of the O-
O bond formation step via creation of a network of H-bonds, whilst also acting 
as a base to promote proton shuttling.9 The I2M mechanism involves a radical 
coupling, when the oxidation state of the metal centre is unchanged and when 
the favoured species resembles the oxyl radical form.10 
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Figure 1.5. Illustration of the two standard mechanisms of water oxidation. The water nucleo-
philic attack mechanism illustrated above involves water acting as a nucleophile, with a gen-
eration of a hydroperoxide intermediate. I2M mechanism of water oxidation involves radical 
coupling, with two metal atoms interacting via an µ-oxo-bridge. Reprinted with permission 
from the American Chemical Society. I. Funes-Ardoiz et al / ACS Catal. 2017, 7, 3, 1712 – 
1719. 

1.5 Proton-Coupled Electron Transfer (PCET) In  
Ru-Based Molecular Complexes 

Ruthenium is located in the second row of the d-block transition metal series. 
Its electronic configuration 4d7 5s1 gives access to the widest variety of oxi-
dation states, ranging from (+8) as in RuO4 to (-2) in [Ru(CO)4]2-, which 
equate to d0 and d10 electronic configurations.  

When combined with polypyridyl ligands, ruthenium complexes are generally 
stable at high oxidation states and its octahedral geometry allows a tailor-made 
fine tuning of their redox potentials. All these properties make ruthenium 
polypyridyl complexes appealing candidates as catalyst for oxidation reac-
tions, including water oxidation as well as the oxidation of other organic and 
inorganic compounds.11-13 

An interesting redox behaviour can be found when a water molecule is directly 
bonded to a metal centre. Upon oxidation, the metal-aqua complex often loses 
a proton, giving rise to proton-coupled electron transfer (PCET) reactions. 
This redox behaviour was described by Thomas J. Meyer in 1970, and has 
been extensively studied for the case of ruthenium aqua complexes.14, 15  
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This also occurs in other transition metal complexes which can facilitate the 
four electron transfers necessary for water oxidation. The loss of each electron 
is coupled to the loss of one proton, which is facilitated by the increase of the 
acidity of the aqua ligand due to its ligation to a Lewis acidic transition metal.  

Figure 1.6. Illustration of the proton-coupled electron transfer (PCET) process, in comparison 
to single, concerted electron transfer and proton transfer processes.  

PCET effectively allows the total charge of the complex to remain constant 
throughout the multi-redox process, thus avoiding the formation of high-en-
ergy intermediates due to charge accumulation.16 This charge equilibration re-
sults in a decreased energy input, and thus overpotential requirement to reach 
highly oxidising species. The dependence of the E1/2 redox potentials as a func-
tion of pH variation follows the Nernst equation. Thus, for a one electron/one 
proton transfer process, the multi-redox potential diminishes by 59mV per pH 
unit.  

The redox properties of ruthenium polypyridyl complexes, in particular the 
Ru(III/II) and Ru(IV/III) redox couples are strongly influenced by the nature of the 
ligands surrounding the metal centre. The Ru(II) state is stabilised by Ru d-π-
ligand π* back-bonding interactions thanks to the presence of π electron-rich 
systems, while the Ru(III) state is stabilised by the electron-donating character-
istics of the oxygen-containing ligands that diminish the necessary potential 
to reach the Ru(III) state.17  

In the case of the Ru(III/II) redox couples, this is less sensitive to ligand modifi-
cation in comparison with the Ru(IV/III) couples. This phenomenon is due to the 
control on the π-binding properties exerted by the oxo ligand of the Ru(IV)=O 
species through a d-π-Ru interaction. In conclusion, the ability to accumulate 
high oxidation states in a narrow potential window utilising PCET reaction in 
metal aqua complexes is key for the development of WOCs.  
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1.6 Water Oxidation with Multiple Ruthenium Centres  

One of the first molecular complexes capable of accumulating four oxidising 
equivalents and oxidising water was reported in the 1980s by Meyer and 
coworkers (Figure 1.7.).16, 18, 19 Llobet20 subsequently prepared a modification 
involving a 3,5-bis(2-pyridyl)pyrazolate (bpp-) bridging ligand that brings 
two Ru-bound water ligands in close proximity, which is a structural prereq-
uisite for their coupling at high oxidation states via an I2M mechanism.  

Owing to the conjugated nature of the bpp ligand, the electronic communica-
tion between the two metal centres is improved relative to the early example 
from Meyer. Despite the TOF being increased by a factor of 3 in the bridged 
complexes, these early examples have moderate catalytic performances with 
a maximum turnover number of 17.5 and relatively low efficiency (70% rela-
tive to the sacrificial oxidant).  

This behaviour is attributed to the oxidation of the CH group of the pyrazole 
moiety present in the bridging ligand. Introduction of an extra methyl group 
in the pyrazole ring stabilises the complex under WO conditions, improving 
efficiencies up to 90%.18, 19 

 
Figure 1.7. Examples of complexes with an electronic communication between the two metal 
centres through a conjugated bridge. 

1.7 Single-Site Water Oxidation Catalyst 
This field of molecular WOCs made a big step forward in 2004, when Thum-
mel reported for the first time that the four-electron transfer steps that are nec-
essary for oxidising water could occur on a single-site metal complex (Figure 
1.8.).21, 22 This group published the first family of mononuclear complexes 
bearing the tridentate polypyridyl ligand 2,6-di(1,8-naphthyridin-2-yl)pyri-
dine capable of catalysing water oxidation, albeit with moderate performance. 
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It was not until later that Meyer and co-workers reported a thorough mecha-
nistic study that demonstrated the mononuclear nature of the catalyst.8 The 
proposed catalytic cycle has been later adapted for several catalysts, which are 
proposed to follow a WNA mechanism.23-25 

From 2009 onwards, Sun and co-workers have reported a series of mononu-
clear complexes based on the bda2- ligand (H2bda is [2,2'-bipyridine]-6,6'-di-
carboxylic acid).26 These complexes showed the best catalytic activity re-
ported till that point, achieving the impressive TON and TOF values of 8360 
and 303 s-1, respectively. The strong electron-donating ability of the carbox-
ylate moieties present in the bda2- ligand,27 the expansion to a seven-coordi-
nation Ru species at higher oxidation states and the highly efficient bimolec-
ular (I2M) O-O bond formation assisted through π-stacking interactions be-
tween the axial ligands are considered the main reasons for this high catalytic 
performance.  

 

Figure 1.8. Illustration of mono nuclear molecular complexes for water oxidation. The com-
plexes on the left follow the WNA mechanism, while the ones to the right the I2M mechanism. 

In this particular case, the catalytic cycle begins in a similar manner to that of 
WNA, reaching a Ru(V)=O species from Ru(II)-H2O through mainly PCET pro-
cesses. The equilibrium between the Ru(V)=O and Ru(IV)=O• species allows the 
dimerization of the complex, forming the corresponding peroxide intermedi-
ate Ru(IV)-O-O-Ru(IV), which is highly favoured by π-stacking interactions be-
tween the axial pyridyl-based ligands. The next step is the reductive elimina-
tion of the bridging peroxide ligand to form dioxygen, which is the rate-deter-
mining step and closes the catalytic cycle.  
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Figure 1.9. [Ru(tda)(py)2] with a tda2- ([2,2’:6’,2”-terpyridine]-6,6”-dicarboxylate) ligand in 
its 7-coordinate state. Its catalytic performance was measured by electrochemical methods 
achieving the impressive TOF values of 8000 s-1 and 50000 s-1 at pH 7 and 10. Reprinted with 
permission from the American Chemical Society. R. Matheu et al / J. Am. Chem. Soc. 2015, 
137, 33, 10786 – 10795. 

In a follow up study, Sun et al took advantage of the bda2- framework and the 
tuned axial ligands, developing a new set of complexes.28 Using the Ce(IV) as 
sacrificial oxidant, an increase of reaction rate (TOFs of 380 to 1000 s-1) and 
elevated TON values (11300 to 1010000 s-1) were achieved. Llobet and co-
workers synthesised and tested a new ruthenium mononuclear complex based 
on the ligand tda2- ([2,2’:6’,2”-terpyridine]-6,6”-dicarboxylate) shown in Fig-
ure 1.9.29 Its catalytic performance was measured by electrochemical methods 
achieving the impressive TOF values of 8000 s-1 and 50000 s-1 at pH 7 and 10 
respectively, according to the foot of the wave analysis (FOWA).30 

This represents the best results reported for molecular water oxidation cataly-
sis thus far. The high catalytic activity is mainly assigned to two factors: a) 
the easy access to high oxidation states and stabilisation of a seven-coordina-
tion environment for Ru, provided by the anionic ligand tda2-, and the presence 
of a pendant base, which acts as a proton acceptor and has a key role during 
the critical O-O bond formation step. In contrast with the I2M mechanism 
identified for Ru-bda2- complexes, Ru-tda2- forms to the O-O bond through the 
nucleophilic attack of a water molecule to a M-O species (WNA). Given that 
this pathway is not require diffusional encounter of the catalysts, this fact has 
been found particularly relevant when targeting to the generation of efficient 
anodes31 and photoanodes.32 
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1.8 Other Transition Metal Complexes as Water 
Oxidation Catalysts 

Other transition metal complexes, other than those based on ruthenium, have 
been reported to operate as water oxidation catalysts. Molecular Iridium com-
plexes have gained popularity as water oxidation catalysts, with the first re-
ported were cyclometalated phenylpyridine iridium complexes by Bernhard33 
(Figure 1.10). Subsequently, iridium-based WO catalyst containing the pen-
tamethylcyclopentadienyl (cp*) ligand and cyclometalated N,N-bidentate lig-
ands were developed, with the best results achieving a TOF of 0.24 s-1 and a 
TON ~320 at pH when Ce(IV) was used as sacrificial oxidant.  

A follow-up study showed that carbene-type ligands improved the perfor-
mance of the Ir complexes. This significantly improves the performance in 
water oxidation catalysis, obtaining TON’s of ~10000 at pH~1.34, 35 Although 
these complexes exhibit long-term activity, full characterisation of the active 
species is not straightforward due to the partial or complete oxidation of the 
ligands under the strong oxidising conditions,36 or by decomposition which 
forms iridium oxides.37-39 

 

 

 

 

 

 

 

 

 

Figure 1.10. Bernhard’s Iridium-based WO catalyst containing cyclometalated N,N-bidentate 
and pentamethylcyclopentadienyl (cp*) ligands. Using Iridium complexes containing carbenes 
further improves the TOF frequency to up to 10000. Reprinted with permission from American 
Chemical Society. N. D. McDaniel / J. Am. Chem. Soc. 2008, 130, 1, 210 - 217 and T. P. Brew-
ster et al / Organometallics 2011, 30, 5, 965 - 973. 
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Cobalt based water oxidation has also evolved very fast, with Berlinguette40 
reporting the first cobalt complex being capable of electrochemically oxidis-
ing water via a PCET mechanism at neutral to basic pH. Follow up studies 
showed a wide variety of complexes with ligands bearing corroles,41, 42 por-
phyrines,43, 44 salen-base ligands,45, 46 polyoxometalates47, 48 and the bpp- lig-
and49 were suitable for water oxidation applications.  

The ques to develop alternative catalysts based on metals of high natural abun-
dance, low toxicity and low-cost resulted in examples based on manganese 
and iron. Crabtree50 discovered the first binuclear manganese complex capable 
of oxidising water into molecular oxygen. The strategy of this work was to 
produce oxygen, inspired by examples observed in nature, and involving the 
high valance di-oxo-intermediate (Figure 1.11). This paper described for the 
first time that di-oxo dimanganese complexes require an O-O bond forming 
reaction to take place before oxygen evolution is observed.  

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Crabtrees’s discovery of the first artificial molecular manganese complex capable 
of oxygen evolution. Reprinted with permission from Science. J. Limburg et al / SCIENCE 1999, 
283, 5407, 1524 - 1527. 

This work found the X-ray crystal structure of the precursor, and used spec-
troscopic and O18 labelling to find that the reaction mechanism involved a 
Mn=O intermediate, making this system a viable model for photosynthetic 
water oxidation. The crystal structure shows the complex as a mixed valence 
dimer, the two Mn units are identical to each other due to the di-inversion 
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centres present. The di-oxo core has dimensions that are typical of dimanga-
nese complexes (Mn-Mn bond distance is approximately 2.7 A).  

The most important feature of this complex is the presence of exchangeable 
aqua coordination sites on each of the Mn ions, resulting from the meridio-
nally coordinated terpyridine ligands. The di-manganese complex is further 
wrapped in sheaves of hydrogen bonding water molecules that function to in-
terlock the oxo bridges and water molecules.  

Oxygen labelling experiments using NaClO18 revealed that the first step of 
catalytic turnover is most likely Mn=O formation. The terminal oxo ligand 
can rapidly exchange with the O18-labelled hydroxide or aqua on the other Mn 
ion of the dimer. The final step is the O18H that forms can rapidly exchange 
with the solvent to produce a complex that are both O18 labelled. 

The Mn=O species can be thought of as either an electrophile, which is open 
to attack by a hydroxide species that is free or ligated to the other Mn ion, or 
as a radical species that has the ability to react with water molecule outside of 
the complex. Both pathways are valid as both can result in oxygen production 
the isotopic composition similar to the solvent.  

Åkermark51, 52 subsequently reported new manganese molecular complexes 
bearing imidazole and carboxylate groups that lower the overpotential for ca-
talysis (Figure 1.12). This decrease in potential also allows the complexes for 
compatible with oxygen-free sacrificial oxidants such as [Ru(bpy)3]3+. 

A crystal structure obtained by reflux in methanol and crystallisation at room 
temperature showed the loss of an acetate ion and the formation of an S2-
symmetric dimer. The bond lengths of this structure exhibit a resemblance to 
the four manganese cations bridged by oxygen atoms in the Mn4Ca cluster of 
the oxygen evolution catalyst in Photosystem II. The oxidation state of the Mn 
atoms was determined to be MnII and MnIII, with the oxygens bridging the Mn 
ions being deprotonated. Light induced oxygen formation using 
[Ru(byp)2(deeb)](PF6)2 as a photosensitiser gave a TON of 4.  

Bernhard53 reported the first family of molecular iron complexes that were 
capable of oxidising water into dioxygen with moderate TOFs > 1.3 s-1 with 
Ce(IV) used as a sacrificial oxidant. At the time, this was a record for transition 
metal complexes other than ruthenium, although catalysis only lasted for a 
couple of seconds. Lloret-Fillol subsequently reported a family of molecular 
iron catalysts containing easily accessible modular tetradentate nitrogen-based 
ligands, which are able to perform the oxidation of water with high efficiency. 
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Figure 1.12. Akermark’s manganese complex capable of oxygen evolution. X-ray crystal struc-
ture of the complex shows that this complex exists as a symmetric dimer, similar to one found 
in photosystem II. Was subsequently tested using a photosensitizer. Reprinted with permission 
from Wiley publishing. E. A. Karlsson et al / Angewandte Chemie International Edition 2011, 
50 (49), 11715 - 11718. 

Labelling experiments confirmed that oxygen is the sole gaseous product, with 
the activity depending strongly on the concentration of both the catalyst (1–
0.01 mM) and the oxidant (50–200 mM), with the highest record TON of 360 
and a turnover frequency of 9.23 s-1 using Ce(IV).54  

The very robust and neutral tetradentate pyridine triazacyclononane ligand 
Me2Pytacn coordinates strongly through three aliphatic amines and one pyri-
dine to the iron centre, leaving two adjacent extra coordination sites. Other 
prototypical nitrogen-based ligands with diverse coordination, electronic and 
steric properties were tested to alter the ligand rigidity and ligand basicity. 
This study found that similar or better water oxidation can be found in com-
plexes that have two available coordination sites in a cis relationship relative 
to each other. Complexes that had the two coordination sites in trans position, 
or contained only one single coordination site were inactive for water oxida-
tion.  

On the basis of all the experimental evidence, it is proposed that iron com-
plexes of general formula [Fe(X)2(LN4)] shares a common catalytic cycle. 
Spectroscopic monitoring demonstrates that the initial Fe(II) complexes 
[Fe(X)2(LN4)] are oxidised by Ce(IV) to yield the water–oxo compound 
[Fe(IV)(O)(H2O)(LN4)]2+, LN4Fe(IV)OH2, which is the resting state of the com-
plex (Figure 1.13). The RDS involves further oxidation of the oxo-Fe(IV) com-
plex by Ce(IV), to form a highly oxidizing [Fe(V)(O)(OH2)(LN4)]3+ intermedi-
ate. 
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Figure 1.13. Barnhard’s Iron complex for molecular water oxidation and mechanism.  Re-
printed with permission from Nature. J. L. Fillol et al / Nature Chemistry 2011, 3 (10), 807 – 
813. 

Given the high oxidation state of the metal centre, the water ligand must be 
very acidic and the [Fe(V)(O)(OH)(LN4)]2+ intermediate LN4Fe(V)OH is ex-
pected to be formed. Subsequent attack of a water molecule, assisted by a hy-
drogen-bond interaction with the hydroxide ligand, forms the O–O bond, 
which reduces the iron(V) to [Fe(III)(OOH)(H2O)(LN4)]2+ intermediate 
LN4Fe(III)–OOH. 

The catalytic cycle can be closed, following two possible pathways. The first 
possibility comprises further oxidation of intermediate LN4Fe(III)–OOH to 
give LN4Fe(IV)–OOH or LN4Fe(V)–OOH, and O2 extrusion via reduction of the 
metal centre to Fe(II) or Fe(III). This mechanism finds precedent in the water 
oxidation at mononuclear ruthenium complexes.27 The second possibility in-
volves protonation of the hydroperoxide ligand in LN4Fe(III)–OOH extruding 
H2O2 and forming a Fe(III) species that is oxidized rapidly by Ce(IV), and thus 
closes the catalytic cycle. The nature of these molecular iron catalysts and 
their active species is still under investigation.55 

1.9 Anchoring Molecular Species via Non-Covalent 
Interactions  

Molecular transition metal are excellent candidates for catalytic oxidation due 
to their rapid oxygen evolution rates relative to many solid-state devices, as 
well as due to their highly tuneable structures. For their adoption in large-scale 
devices, heterogenisation of molecular species is required. These anchored 
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catalysts must run at a higher current density of at least 10 mA/cm-2, the an-
chorage must be stable under oxidative conditions, the O-O bond formation 
step may preferably occur via a water nucleophilic attack (WNA) mechanism,  
owing to the restricted diffusion.56-58 

 

 

Figure 1.14. π-π stacking of Ru-bda and Ru-tda pyrene derivatives on the surface of multi-wall 
carbon nanotubes. 

A couple of examples of π-stacking anchorage on the surface of multi-wall 
carbon nanotubes is reported by Sun and Llobet, who independently reported 
complexes that have their axial ligands modified with pyrene moieties (Figure 
1.14.).59, 60 A variation of this methodology is molecular coordination oligo-
mers that can be adsorbed onto graphitic surfaces such as multiwalled carbon 
nanotubes (MWCNT) through aromatic catalyst–surface CH–π interactions.61, 

62 
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1.10 Covalent Surface Immobilisation of Molecular 
Complexes for Water Oxidation 

There are numerous methods to covalent anchor molecular catalysts to differ-
ent substrates. One of the most popular approaches is the use of anchoring 
groups at the molecular complex for its attachment to metal oxides. This an-
choring group must be hydrolytically stable, resistant to oxidation and stable 
under different pH conditions.  

 

Figure 1.15. Attachment of molecular complexes to metal oxides via the use of anchoring 
groups on the molecular complex. Two examples using phosphonates and carboxylates as the 
anchoring group on the complex. 

There are four classes of commonly used anchoring groups, which are carbox-
ylates, phosphonates, silatranes and hydroxamic acids.63 This strategy has 
been used for mono and dinuclear water oxidation catalysts, with carboxylates 
and phosphonates having been most popular for anchorage on the surface of 
FTO|TiO2

64, 65 (Figure 1.15).  

Another strategy that has been employed to covalently anchor the catalyst is 
based on electrografting. Which permits binding of an organic layer to a con-
ducting substrate. Oxidative electrografting is one form of covalent bonding, 
where a substrate is exposed to an oxidative potential which initiates a radical 
chain reaction that results in electropolymerisation.66 Such an example of this 
process is the oxidative electropolymerisation of a Ru-tda complex with a thi-
ophene substituent on the surface of glassy carbon or carbon paper to afford 
surface-immobilised catalyst material. Upon activation of this electrode, the 
electrode proved to be a powerful molecular anode for water oxidation, with 
high Faradaic efficiencies and stability.67  
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This strategy of anchorage is also applicable to reductive electro grafting of 
diazonium salts. For example, this strategy was utilised for the [Ru(bda)(4-
pyridin-4-yl)2] complex (Figure 1.16). Treatment of this di-analine complex 
with nitric oxide converts the amino groups to the highly reactive diazonium 
salt, which upon exposure to reductive potentials results in the covalently an-
chored catalyst.56 
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Figure 1.16. Scheme for diazonium grafting of [Ru(bda)(4-pyridin-4-yl)2] on the surface of 
glassy carbon. 

Another alternative mechanism is the use of pyrazine linkage, which relies on 
a condensation reaction of o-phenylenediamine derivatives to form graphite-
conjugation catalysts (GCCs) which exhibit strong electronic coupling to the 
electrode, leading to electron transfer (ET) behaviour that diverges fundamen-
tally from that of solution-phase or surface-tethered analogues. The complex 
[Ru(dmbpy)2(phenda)]Cl2, was anchored in this manner (Figure 1.17).68 

 

Figure 1.17. An example of pyrazine linkage of the ruthenium molecular water oxidation com-
plex [Ru(dmbpy)2(phenda)]Cl2. 
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1.11  Metal Organic Frameworks (MOFs) 
Metal organic frameworks (MOFs) are a class of porous crystalline materials 
made from polydentate organic linkers and inorganic metal nodes (secondary-
binding units, SBUs).69, 70 MOFs are usually crystalline and porous, but this is 
not always a strict requirement for such materials.70 Many MOFs can contain 
pores of various sizes, which can range from meso or nanopores with high 
internal surface areas. At the same time owing to the modularity of the linkers 
and SBUs, a seemingly infinite numbers of possible structures can be ob-
tained, with UiO-type MOFs (UiO = Universitetet i Oslo)71 and NU-1000 
(North-Western University)72 being a couple of well-known examples. Once 
synthesised, MOFs also be further functionalised through post-synthetic mod-
ifications (PSM): 

1) Organic linkers which can be functionalised using many typical or-
ganic chemistry transformations. 
 

2) Post-synthetic exchange (PSE) of linkers of similar size of a parent 
MOF.   
 

3) Post-synthetic insertion (PSI) of a linker into a vacant pocket that is 
already present in a parent MOF structure.  

The use of MOFs presents multiple opportunities that could be favourable in 
water oxidation applications, such as the permanent porosity that facilitates 
fast substrate diffusion, as well as site isolation that inhibits bimolecular de-
composition pathways of incorporated molecular catalysts. MOFs also pro-
vide an exceptionally high surface areas with potential catalyst loadings that 
are orders of magnitude higher than those of corresponding monolayers on 
electrode surfaces. However, MOFs have only been used on a limited number 
of occasions as their linkers and metal clusters are often non-conducting, lead-
ing to poor charge transport to the MOF-embedded catalysts. As a conse-
quence, realisation of effective electrocatalytic MOFs have remained chal-
lenging. MOFs that exhibit electroactive behaviour or high conductivities typ-
ically are constructed from specialised linkers that promote conduction 
through the framework. 

As already insinuated, each individual linker that the MOF is composed of can 
have one or more functions. It can be catalyst, carry specific functionalities to 
tune the pore environment and facilitate charge transport throughout the 
framework. So far, several research groups focused their efforts on the devel-
opment of polyoxometalates (POMs) as catalysts for water oxidation by 
Bonchio73 and Hill74 (Figure 1.18). These systems provide a robust all-
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inorganic framework environment coordinating the metal core, which makes 
them promising for applications in WO. 

 

Figure 1.18. Structure of the polyoxometalate (POM), integrated with a ruthenium core for 
water oxidation applications. Reprinted with permission from American Chemical Society. Y. 
V. Geletil et al / J. Am. Chem. Soc. 2008, 130 (15), 5006 - 5007. 
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2 Charge Transport in Porous Frameworks 

2.1 Fickian Diffusion in Metal Organic Frameworks 
(MOFs) 

In the case of porous frameworks, substrates need to be able to diffuse inside 
the porous structures to engage in catalytic reactions, which create situations 
where the overall reactivity is limited by mass transport. In the case of redox 
catalysis as the case in water oxidation, the transport of charge may too con-
stitute an additional limitation. This is an important fact to bear in mind, as the 
materials that are discussed in this thesis are micro or mesoporous in nature.  

The fundamentals of this phenomenon were first demonstrated by Alfred Fick 
in 1855.75, 76 Mass transport of a free species is considered, but we can extend 
this concept to diffusion of charge as it propagates through heterogeneous ma-
terials by a hopping mechanism between redox active, but immobilised dis-
crete molecular units. When a species is introduced into a solution, a concen-
tration gradient is established, which creates a driving force for the diffusion 
to occur. This describes Fick’s first law where molar flux Fi (mol cm-2 s-1) for 
a species i is given by: 

                                                     Fi = -Di∇Ci                                            Eq 5. 

Where Di is the diffusion coefficient (cm-2 s-1), and ∇Ci is the divergence or gradient of the concentration of species i. Applying the conservation equation, also known as the diffusion equation: 

                                                     =  −𝛻 · 𝑭𝒊                                      Eq 6. 

We then arrive at Fick’s second law, also known as the diffusion equation: 

                                                      =  𝐷 𝛻 𝐶                                        Eq 7.  

For the majority of electrochemical methods, diffusion can be described as 
one-dimensional normal to the electrode surface. Parallel chemical reactions 
must be modified by the kinetic term Ki, which accounts for the rate of con-
sumption or production of each species i: 
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                                             =  𝐷 𝛻 𝐶 + 𝐾                                        Eq 8.  

This chemical consumption/production rate is written as a chemical reaction 
rate law. The equation on the right-hand side gives the rate of change in con-
centration as a result of diffusive spreading, with the second term accounting 
for the rate of change in concentration resulting from chemical reactions. If a 
species X is diffusing and reacting according to the chemical reaction X + Y 
→ Z, with a second order rate constant κ, the overall diffusion equation can 
be expressed as: 

                         = ( ) + ( ) =  𝐷 𝛻 𝐶 +  𝐾                  Eq.9.  

                                              ( ) =  𝐷 𝛻 𝐶                                  Eq 10. 

                                       ( ) =  𝐾 =  −𝑘𝐶 𝐶                             Eq 11.  

Where a and b are reaction orders for X and Y. All that was required for the 
above analysis was a chemical reaction rate law combined with the application 
of conservation of mass to Fick’s first law. The physico-mathematical descrip-
tion of any reaction-diffusion problem will be composed of a system of second 
order partial differential equations, with one for each species involved in the 
reaction. This system of equations must be solved simultaneously, considering 
the appropriate and initial boundary conditions for a particular geometry and 
experimental set up.  

These interfacial interactions are ubiquitous in catalysis research as they are 
of particular consequence when molecular catalysts are heterogenised onto a 
solid support. One consequence that arises when going from a homogeneous 
phase to a heterogeneous surface or film is that consideration needs to be made 
for the necessary transport of both charge and substrates to the catalytic sites. 
The concentration of substrate and catalytic intermediates of interfacial reac-
tions will be a function of at least one spatial coordinate in addition to time. 

2.2 Charge Transport in MOFs 
As previously mentioned, MOF materials are highly tuneable and modular. 
As individual building blocks are molecular in nature, each unit can poten-
tially host a redox-active catalyst,77-80 which alters the properties of the mate-
rial at hand, and facilitates charge transport through the MOF by an electron 
hopping mechanism.81-85 
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When creating electroactive MOFs, two general strategies are applicable. The 
first such strategy involve through-bond approaches in which a continuous 
path for electron transfer is needed. This can be achieved in two main ways, 
either through specifically designed molecular orbital overlap of the electro-
active MOF components or coordination of conducting bridging guest mole-
cules (Figure 2.1. A). Alternatively, through-space approaches which can be 
attained through π-π stacking of electroactive linkers (Figure 2.1. B) or elec-
tron hopping mechanisms between discrete redox-active centres in the MOF 
scaffold (Figure 2.1. C). Many electroactive MOFs take advantage of the latter 
electron hopping design, which is synthetically the most straightforward ap-
proach to accomplish with the selection of appropriate redox-active linker 
components.   

Figure 2.1. Schematic representation of (A) through-bond and (B & C) through-space ap-
proaches to improving conductivity in MOFs. Reprinted with permission from The Royal Soci-
ety of Chemistry. B.D. McCarthy et al. / Coordination Chemistry Reviews. 2020, 406, 213137. 

Charge transport via redox hopping is best described as a series of electron 
self-exchange events between adjacent redox-active centres paired with the 
diffusion of counter ions through the framework to maintain charge neutral-
ity.86-88 As the redox-active centre is spaced periodically throughout a MOF 
architecture, each electron hopping step will occur over an associated time 
step. Also, as a MOF is periodic, the electron can hop to any of its nearest 
neighbours such as a linker or SBU. These electron hopping steps do not pro-
ceed in a pre-determined path, but are random steps that can be classified as 
diffusive charge transport.86, 89, 90  

This understanding of diffusion of charges in self-exchange reactions was first 
described by Dahms91 and Ruff92-94, who developed the first proposed expres-
sions for the rate of charge transport by diffusional charge translation between 
molecular units in aqueous and organic solutions. This was further interpreted 
by Buttry95, Savéant96 and Bard97, 98 when evaluating charge transport in re-
dox-active polymers in which the redox-active units are anchored in space, 
which is analogous to the situation in MOFs. 86, 89, 99 
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When MOFs are constructed from redox-active linkers, the electroactive com-
ponents should have defined positions in the MOF structure, so that the elec-
tron hopping distances can be approximated. Similar to charge transport stud-
ies on redox polymers described in literature, charge transport of MOFs is also 
most easily assessed when the material is immobilised at an electrode surface.  

Charge hopping through MOF films involves forward self-exchange of elec-
trons at redox active centres from the electrode surface throughout the film, 
and corresponding diffusion of counter ions into the film from the solution-
film interface, in order to maintain charge neutrality.88, 89, 99 

The overall observed charge mobility can be described as a diffusive process 
that follows Fick’s Law. As such, the global rate of diffusive charge transport 
via electron hopping can be simply related to an associated diffusion coeffi-
cient De.88, 90, 100 

                                                𝐷 =  𝐶 𝛿                                            Eq 12. 

Where ke is the electron self-exchange rate constant, Co is the concentration of 
the electroactive species, and 𝛿 is the distance between redox-active sites. The 
electron hopping behaviour exhibited in redox polymer films, as well as re-
dox-active MOFs, then is quite similar to that of a freely-diffusing species in 
solution, in where charged molecules move away from the electrode. The 
changes in concentration of the electrochemically reduced unit thoughout the 
film thus establishes a gradient that mimics that of a freely diffusing species 
(for example, from the electrode surface through the film) that obeys Fick’s 
laws of diffusion.101 

Counterions in MOF frameworks maintain electroneutrality and stabilise the 
reduced/oxidised linker sites within the MOF architecture; their absence halts 
electron hopping, causing the majority of redox-active linkers to become in-
accessible.85, 102, 103 Diffusion of ions from the solution-film interface provides 
the counterions necessary for the pore spaces of the MOF to maintain charge 
neutrality and to facilitate charge propagation.  

Ion pairing103, 104, rate of ion transport103, and ion concentration102 also affect 
charge hopping, as characterised by the diffusion coefficient De. The above 
equation only describes both charge and mass transport phenomena, which are 
strictly diffusional in nature and ignore other molecular interactions, such as 
ion-pairing, linker-linker interactions or field effects.100, 105, 106 This idealised 
situation is highly unlikely under experimental conditions, and as a result, a 
more detailed picture must be considered for evaluating diffusion-like charge 
transport which considers these additional external factors.  
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One of the many reasons for understanding electroactive MOFs is to be able 
to utilise effective MOF materials for electrocatalysis. The necessity of both 
mass and charge transport requires counter ions in an electroactive film. In the 
case of electrocatalysis, the additional electrochemical reaction increases the 
level of complexity in the system. The added mass transport associated with 
the electrocatalytic reaction then introduces reaction-diffusion to the MOF 
system, along with the charge transport and counter ion transport considera-
tions already present.101, 107 

Transport processes considered for MOF-based electrocatalysts are more 
complex than the overall mass transport observed in solely redox-active MOF 
systems. This additional complexity makes it difficult to deduce kinetic infor-
mation from catalytic reactions occurring within MOF materials. These three 
transport phenomena (charge transport originating from the electrode through-
out the framework, substrate/ion diffusion originating from the film/solution 
interface, and reaction-diffusion within the MOF)101, 107, 108 must all then be 
considered for any models in which accurate kinetic information is to be de-
rived for MOF-based electrocatalysts.  

A reaction-diffusion layer, 𝛿rxn, can be identified and is representative of the 
catalytically active portion of a MOF film (see Figure 2.2.). For example, in 
case electron hopping is slow throughout the film, the diffraction diffusion 
layer is close to the electrode/MOF interface. It can be assumed that the cata-
lyst must be activated via charge transport from the electrode and substrate 
molecules must be able to diffuse into the reaction-diffusion layer via mass 
transport from the solution-film interface. Therefore, additional parameters 
must be accounted for when examining electrocatalytic MOF films.  

Film thickness df must be considered, as the thickness of the film will deter-
mine whether the reaction-diffusion layer will occupy the entire film or will 
occupy a localised fraction of the film. In the case of thin films, sufficient 
charges may be supplied by electron hopping transport from the electrode and 
sufficient substrate provided by mass transport into the MOF film to drive the 
electrocatalytic reaction at all catalytic sites in the film. For MOF-based elec-
trocatalytic materials, rational design to control physical material parameters, 
like film thickness, is required to access as many of the incorporated catalysts 
sites as possible in order to prepare the most efficient MOFs.  

The rate of charge transport in electrocatalytic MOF materials , impact on 
whether reaction-diffusion layers will be present in a catalytic MOF. Whether 
electron hopping charge transport is confined to the thickness of the MOF 
film, or limited by the physical restriction of the film thickness can be exam-
ined using cyclic voltammetry by varying the scan rate (v).86, 89, 101, 107, 109 In 
short, fast scan rates give rise to diffusional electro hopping charge transport 
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within the film without being restricted by the film boundary. Extending the 
experiment by applying slower scan rates, electron diffusion is extended into 
the film, ultimately reaching the film boundary. These two scenarios are 
termed as either semi-infinite or finite regimes.  

 

Figure 2.2. One-electrode, one-step catalytic mechanism occurring in a molecular heterogen-
ised MOF film electrode, where P and Q are the oxidised and reduced form of the catalyst 
linker, S is the substrate, κ is the second order rate constant for the catalytic reaction (𝑘  = 𝑘° ), 𝐷  is the charge transport diffusion coefficient, and the 𝐷  is the intra-MOF substrate 
diffusion coefficient.  Reprinted with permission from the Journal of American Chemical Soci-
ety. B.A. Johnson et al. / J. Am. Chem. Soc. 2020, 142, 28, 11941 – 11956. 

2.3 Characterisation and Analysis 
Characterisation of ruthenium molecular complexes and metal-organic frame-
works described in this work are carried out using a variety of methods. In the 
cases of molecular complexes, 1H & 13C nuclear magnetic resonance (NMR), 
electron paramagnetic resonance (EPR) LC-MS, HR-MS and MALDI-TOF, 
X-ray crystallography and elemental analysis were used. For MOF character-
isations, physical material characterisation using powder X-ray diffraction 
(PXRD) was used to ascertain the crystallinity of samples. Brunauer-Emmett-
Teller (BET) isotherms is used to measure both the specific surface area and 
porosity, and scanning electron microscopy (SEM) can be used to visually 
verify MOF morphology. FT-IR, SEM-EDX (energy dispersive x-ray), and 
elemental analysis (ICP-OES) are used to determine chemical composition of 
the MOFs made in this thesis.  

The molecular catalysts were integrated into MOF structures via direct syn-
thesis, co-synthesis and via post-synthetic exchange. Analysis of these MOFs 
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by ICP-OES, SEM/EDX and XPS are useful methods to confirm linker incor-
poration and are valuable in the quantification of the amount of linker incor-
porated. 

2.4 Electrochemical Analysis 
For greater understanding of electron transfer processes in electroactive MOFs 
and heterogeneous ruthenium coordination oligomers, analysis by cyclic volt-
ammetry (CV), differential pulse voltammetry (DPV) and chronoamperome-
try were used. These techniques allow for the evaluation of mass and charge 
transport in catalytic materials.   

In the majority of cyclic voltammetry experiments, a three-electrode set-up is 
employed using a working electrode (WE), counter electrode (CE) and refer-
ence electrode (RE).110, 111 A known potential is then applied to the working 
electrode and swept linearly towards a second known potential. The potential 
is reversed and this process continues until the cycle is terminated. The current 
(i) passed through the working electrode is measured during this potential 
sweep, and plotted against the applied potential (E), to give rise to a cyclic 
voltammogram (CV).  

The waves observed in the CV correspond to the reduction (potential scanned 
cathodically) or oxidation (potential scanned anodically) of the analyte at the 
electrode surface. Generally, a simple one-electron process is characterised by 
fast interfacial electron transfer. If the redox-active molecule, A, and its cor-
responding product B, according to: 

A + e- ⇌ B 

Are stable over the course of the experiment, the charge that is passed through 
the cell in the forward direction is the same as what is collected on the reverse. 
If A and B are immobilised on the surface, the charge is proportionatal to the 
surface concentration of the analyte, the charge is proportional to the surface 
concentration of the analyte. In other words, the amount of redox active ana-
lyte, in our case often a catalyst, can be determined by integrating the current 
of a wave in a CV. 

                                               ΓA + ΓB = Γo      Eq 13. 

              𝐸 =  𝐸 +  ln  𝑜𝑟 𝛤 =  𝛤 exp (𝐸 −  𝐸 )                Eq 14. 



 

 40 

F = Faraday constant, T = absolute temperature, R = Ideal gas constant, E = 
electrode potential and Es = standard potential of the A/B redox couple. 

Therefore: 

                𝛤 =  ( ) ,             𝛤 = ( )                Eq 15.  

The current, i, is simply obtained from the time (t) derivatives of these func-
tions according to: 

                                                =  − =                                      Eq 16.                        

                                      𝑖 = 𝐹𝑆Γ  ( )( )                               Eq 17. 

Where v is the scan rate and S is the electrode surface area. The current varies 
with time and potential, which is shown in the above equation. In the case of 
redox-active, electrocatalytic MOFs and coordination oligomers, the analyte 
is generally a surface-immobilised material, therefore the concentration of 
electrochemically accessible material is constant over the course of a forward 
and reverse sweep in a CV experiment. The shape of the measured current 
response can be used to determine the chemical reversibility of redox-address-
able MOF-immobilised species.  

If the current response in the return sweep is different to that in the forward 
scan, the redox event in question may be reversible. Alternatively, scenarios 
involving additional mass or charge transport limitations that are outside the 
purview of single electron oxidation and reduction processes, may contribute 
to such behaviour.112  

The quantities of species A & B at the surface are functions of the electrode 
potential. The previous derivation was made under the assumption that both 
species A & B are at equilibrium on the surface when the standard potential 
(Eo) of the redox process is applied. Assuming chemical reversibility, the re-
dox event at equilibrium must obey the Nernst equation (eq 18):110, 111 

                                𝐸 = 𝐸 +  ln                                                Eq 18. 

Where E is the applied electrochemical potential, R is the universal gas con-
stant, T is the temperature, F is the Faraday constant and [A], [B] are the con-
centrations of the oxidised and reduced species respectively. The peak-to-peak 
separation of an electrochemically reversible redox pair should be 
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approximately ~57 mV at 25°C.111, 113 For surface-immobilised species, no 
peak-to-peak separation should in principle be observed as the analyte can’t 
physically diffuse from or towards the electrode surface.  

In the case of porous materials such as MOFs, electron hopping can occur 
between electroactive sites in a diffusive manner. If this electron diffusion is 
slower than the timescale of the CV experiment, a “diffusional” wave can be 
expected. Conversely, if electron transport through the MOF is faster than the 
CV timescale, the finite diffusion regime is reached, and no peak-to-peak sep-
aration should be observed. 78, 114, 115  

This provides information on the total concentration of the electroactive link-
ers (𝐶 ). Integration of the current in the CV at slow scan rates or measuring 
charge passed after total reduction or oxidation of the film will provide the 
electroactive surface concentration (𝛤 ).  

The thickness of the film (𝑑 ) is sourced from independent measurement, 
where 𝐶  can be calculated using 𝛤 = 𝑑 𝐶 . Total surface concentration is 
usually calculated via destructive methods such as inductively coupled 
plasma. CV will yield 𝐷 under conditions where 𝜆  > 1. Plotting 𝑖  vs √𝑣 will 
give a straight line with a slope proportional to √𝐷 .  

2.5 Differential Pulse Voltammetry 
Differential Pulse Voltammetry (DPV) is a technique that involves applying 
amplitude potential pulses on a linear ramp potential. In DPV, a base potential 
is initially applied at the electrode so that there is no faradaic reaction, and 
then increased between pulses with equal increments.  

The current is immediately measured before the pulse application and at the 
end of the pulse, and the difference between them is recorded, which reflects 
the pulse shape in DPV.116 In DPV, the peak potential, Ep, can be approxi-
mately identified with E½. With the irreversibility, Ep deviates from E½ as the 
base of the peak widens and its height decreases.  

The DPV graph is representative between applied potentials and measured 
currents, with species absorbed on the electrode being the easiest to observe.116 
While CV provides essential information such as reversibility and types of 
redox processes. DPV can be used for quantitative determinations due to its 
sensitivity and minimisation of capacitive current, such as detection of the 
concentration of a species at the electrode interface.117   
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2.6 Measuring Diffusion via Chronoamperometry  
Chronoamperometry is a controlled potential experiment, where a known po-
tential is applied to the working electrode and held at a constant potential for 
a set period of time. Over the course of the experiment, the current (i) is rec-
orded as a function of time. These applied potentials can be chosen from an 
initial CV scan of a film before controlled potential experiments to focus on 
particular redox couples.  

Potential step chronoamperometry under conditions where semi-infinite con-
ditions hold in the film will give access to 𝐷  by plotting i vs t-1/2. In systems 
controlled by diffusion, the current response decays until no further change in 
current is observed, which indicates complete reduction/oxidation of all ana-
lyte species accessible in the diffusion layer near the electrode. This time-de-
pendent current response can be related to the diffusion of the analyte by the 
Cottrell equation.  

                                            𝑖(𝑡) =  √√                                            Eq 19.  

Where n is the number of electrons transferred, F = Faraday constant, SA = 
surface area of the electrode, 𝐶  = initial concentration of the analyte and D = 
diffusivity of the analyte. Charge transport in heterogeneous material in the 
semi-infinite regime is diffusive, which has been demonstrated for electroac-
tive MOF materials.77, 78, 80, 81, 85, 115, 118, 119 The Cottrell analysis is used to ex-
tract diffusion coefficients related to diffusive electron hopping (𝐷 ) in the 
material.101  

2.7 Foot of the Wave Analysis (FOWA) 
Benchmarking of molecular catalysts were carried out using foot-of-the-wave 
(FOWA) analysis. Catalysts are experimentally studied, with the turn-over 
frequency (TOF) plotted as a function of overpotential (ⴄ). This TOF is a de-
rivative of turn-over number (TON), where the catalyst is stable over time.120 
FOWA tends to be restricted to molecular systems which have a defined stand-
ard potential, rather than electrocatalytic reactions that are not clearly identi-
fied, such as solid state electrocatalysis.  

The reaction scheme represented in equations 20 and 21, a reversible couple, 
P/Q. This P/Q couple is incorporated into equations 22 and 23, and are char-
acterised by a standard potential 𝐸 , 𝐸 /  represents the difference be-
tween the standard potential and the applied potential, ⴄ represents the over-
potential, where i represents the current, QRu represents the average charge of 
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the redox couple to transform the substrate P to Q and regenerate the catalyst, 
F represents the Faraday constant, R is the ideal gas constant and T represents 
the temperature.  

                                             ℎ𝑒𝑡𝑃 → ℎ𝑒𝑡𝑄 +  𝑒                                     Eq 20. 

                                       ℎ𝑒𝑡𝑄 + 𝐻 𝑂 → ℎ𝑒𝑡𝑃 +  𝑂                              Eq 21. 

                                                   =  ( )                                    Eq 22. 

Catalytic Tafel plots are used to benchmark and compare molecular water ox-
idation catalysts, which relates the TOF of the catalyst and the applied poten-
tial, with respect to the standard potential of the reaction.120, 121 The catalytic 
Tafel plots were drawn using the equation outlined in equation 23, by plotting 
TOF as a function of overpotential (ⴄ) following, the rules for the hetero-
WNA mechanisms30. Each Tafel plot reflects the distinctive features of the 
catalyst, which is the TOFmax. This apparent rate is shown in equation 24, 
which is where the curve reaches the plateau. The lowest value of potential 
where TOF = TOFmax, which demonstrates the relationship between TOF and 
overpotential, while providing a comprehensive evaluation of the performance 
of the catalyst as a function of overpotential. 

                                          𝑇𝑂𝐹 =  
ⴄ

                                 Eq 23.  

 

                                           𝑇𝑂𝐹 =  𝑘                                            Eq 24.  
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3 Synthetic Strategies to Incorporate  
Ru-Terpyridyl Water Oxidation Catalysts 
into MOFs: Direct Synthesis vs. Post-
Synthetic Approach (Paper I) 

In chapters 3 and 4, we discuss strategies for the synthesis and incorporation 
of molecular ruthenium water oxidation complexes into UiO (Universitetet i 
Oslo) and NU-1000 (North-western University) MOFs. Three types of syn-
thetic methodologies are explored, including direct incorporation during MOF 
synthesis with the Ru complex, either being the only linker or accompanied 
by a co-liker or incorporation by post-synthetic techniques. Structural and 
functional characterisation of the molecular catalysts and the frameworks are 
described. Two ruthenium complexes of the formula 
[RuII(tda)(Py(PhCOOH)2)2] (tda = 2,2’:6’,2’’-terpyridine-6,6’’-dicarboxylic 
acid; (PhCOOH)2 = 4,4'-(pyridine-3,5-diyl)dibenzoic acid) and 
[RuII(tda)(PhCO2H)2] (tda = 2,2’:6’,2’’-terpyridine-6,6’’-dicarboxylic acid; 
(PyCO2H)2 = isonicotinic acid) were used in this chapter.  

3.1 Introduction  
In the context of the global energy and ecological challenges, artificial photo-
synthesis has caught the attention of both the scientific community and policy 
makers as a possible means of alternative energy storage.7 Artificial photo-
synthetic devices involve water splitting by combining two half-reactions, wa-
ter oxidation at the anode (Eq 1) to produce molecular oxygen and the corre-
sponding reduction to produce hydrogen at the cathode (Eq 2).122 

                                      2𝐻 𝑂 → 𝑂 + 4𝐻 + 4𝑒                                 Eq 1.                        

                                           4𝐻 + 4𝑒 → 2𝐻                                         Eq 2. 

Materials with high internal surface area that can potentially hold a large num-
ber of active sites per geometric surface area are desirable scaffolds for cata-
lyst incorporation in applications relating to artificial photosynthesis.123-125 
Heterogenisation of molecular catalysts is required for integration into devices 
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for large-scale energy utilisation. MOFs provide a potential architecture for 
incorporation of molecular complexes for water splitting.125 In recent years, 
many studies that apply this concept specifically to molecular water oxidation 
catalysts (WOCs) have been reported.77, 79, 114, 118, 126-136  

Despite of these works, attempts to incorporate one of the most active Ru-
based WOC to-date, [RuII(tda)(py)2] (tda = 2,2′:6′,2″-terpyridine-6,6″-dicar-
boxylic acid, py = pyridine), into a MOF had been reported prior to this work. 
Related Ru-polypyridyl complexes incorporated into MOFs had been de-
scribed though, two of which are also WOCs (Figure 3.1.).126 

With the exception of one case where the Ru complex was post-synthetically 
grafted onto MOF linkers with appended pyridine groups,114 most of these 
studies make use of carboxylate anchoring groups to attach the complex di-
rectly to the secondary building units (SBUs) of the target MOF. Such a strat-
egy makes the complex an integral part of the framework without occupying 
the void of the MOF that provides for ion, substrate and product transport.  

 
Figure 3.1. Ru-Polypyridyl complexes previously incorporated into MOFs. (A) Water oxidation 
catalyst Ru(bda)(Py)2;126 (B) photosensitizer Ru(cptpy)22+, cptpy is 4’-(4-carboxyphenyl)-ter-
pyridine;137 (C) photosensitizer Ru(bpy)2(dcbpy)2+, bpy is 2,2’-bipyridine, dcbpy is 5,5’-dicar-
boxy-2,2’-bipyridine;138-141 (D) water oxidation catalyst Ru(tpy)(dcbpy) (OH2)2+;114, 118, 128 (E) 
Ru(dcbpy)32+ as a chemiluminophore.142 
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3.2 The [RuII(tda)(py)2] Catalyst and Linker 
Derivatives 

Transition metal complexes provide an excellent platform for mechanistic stud-
ies based on a variety of spectroscopic and computational techniques. Based on 
the gained mechanistic understanding, their molecular structures, in particular 
their ligand structures, can synthetically be altered to optimise catalytic proper-
ties.143, 144 A ruthenium-based metal complex featuring an equatorial terpyridyl 
dicarboxylate (tda) ligand and two axial pyridine (py) ligands developed by 
Llobet29 was selected for the studies presented in this thesis (Figure 3.2.).  

 

Figure 3.2. Left, The original Ru(tda)(Py)2 catalyst. Middle, the ditopic Ru(tda)(isonicotinic 
acid)2 modification used for integration into a UiO MOF. Right, the tetratopic 
Ru(tda)(Py(PhCOOH)2)2 complex used for making a NU-1000 type mixed linker MOF. 

Upon application of an oxidising potential, [RuII(tda)([y)2] converts to a Ru-
aqua complex which is highly robust and active for catalytic water oxida-
tion.145-148 In fact, once the catalytically active Ru-aqua species is generated, 
the [RuII(OH2)(tda)(py)2] complex is counted among the most potent molecu-
lar water oxidation catalysts to-date. Its catalytic cycle, driven by step-wise 
oxidation of the Ru centre from +II to +V, involves multiple coordination re-
arrangements in and around the tda ligand, while the axial pyridine ligands 
stay permanently coordinated (Figure 3.3.).  

In order to be incorporated into a MOF as a structural linker, the ruthenium 
water oxidation catalyst must be decorated with anchoring groups for SBU-
ligation. Derivatives of [RuII(tda)(py)2] should be particularly applicable MOF 
incorporation as they operate via a WNA mechanism, which does not require 
a bimolecular catalyst encounter as in the I2P radical coupling mechanisms. 
Synthetic manipulations of the equatorial tda ligand would likely disrupt the 
catalytic performance, so carboxylate anchoring groups were installed at the 
axial pyridine ligands, which are known to stay strongly bound to the Ru cen-
tre through the catalytic cycle.  
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Figure 3.3. Proposed reactions involved in the water oxidation catalysis mechanism at pH 7.0 
based on DFT calculations. Reprinted with permission from the Journal of American Chemi-

cal Society. R. Matheu et al. / J. Am. Chem. Soc. 2015, 137, 10786 − 10795. 

For incorporation into a UiO-type MOF, a ditopic analogue with isonicotinic 
acid in the axial positions was synthesised. For incorporation into a NU-1000 
type MOF, a tetratopic analogue is required, and Py(PhCO2H)2 ligands were 
prepared as axial ligands to the Ru complex. Both syntheses are described in 
more detail in the next section. Despite of the careful design described above, 
Ru-tda type complexes are potentially challenging to be integrated into a MOF 
for the following reasons:  

1) The dihedral angle between the axial carboxylic groups is not 
fixed due to free rotation of the pyridyl ligands around the main 
axis of the complex, which may hinder MOF growth by ob-
structing pre-organisation of the anchoring groups.  

 
2) The ruthenium centre is six-coordinate at low oxidation states 

and exhibits dynamic coordination behaviour, leaving one equa-
torial carboxylic acid groups uncoordinated. This dangling, car-
boxylate may potentially compete for SBU ligation and thereby 
disrupt ordered MOF growth.  

 
3) The equatorial ligand is sterically demanding, which may intro-

duce a significant steric stress that leads to highly defective or 
disordered materials. 

3.3 Synthesis of [RuII(tda)(pyR)2 
The tda ligand synthesis was optimised in order to remove any impurities, as 
described in previous reports, and to improve the scalability of the reactions. 
Commercially available terpyridine was oxidised using an existing proto-
col,149 and the obtained N-oxides converted to the cyanides by the Reissert-
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Henze reaction.150 Final hydrolysis of the cyanides concluded the synthesis of 
the ligand (Figure 3.4.).  

 

Figure 3.4. Synthetic scheme for the synthesis of equatorial ligand [2,2':6',2''-terpyridine]-
6,6''-dicarboxylic acid. 

The synthesis of the Py(PhCO2H)2 ligand was synthesised based on existing 
literature.151 In short, the ligand was synthesized by a Suzuki cross coupling 
between 3,5-dibromopyridine and (4-(methoxycarbonyl)phenyl)boronic acid 
followed by saponification of the resulting methyl ester to afford the free car-
boxylate groups (Figure 3.5.).  

 
Figure 3.5. Synthetic scheme for the synthesis of axial ligand 4,4'-(pyridine-3,5-diyl)dibenzoic 
acid. 

The 4,4',4'',4'''-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid used in paper II was 
synthesized according to adapted literature procedure72.  

The precursor complex Ru(tda)(dmso)(H2O) was prepared from 
RuCl2(dmso)4 using a procedure from the literature,29 and used for the coordi-
nating of either the monotopic isonicotinic acid or the ditopic Py(PhCOOH)2 
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ligands at the axial positions. The purity of the final products was confirmed 
by NMR spectroscopy and cyclic voltammetry. 

 
Figure 3.6. Synthetic scheme for the synthesis of 4,4',4'',4'''-(Pyrene-1,3,6,8-tetrayl)tetra-
benzoic acid. 

 
Figure 3.7. Synthetic scheme for the synthesis of Ru(tda)(PyCO2H)2 and 
Ru(tda)(Py(PhCOOH)2).  
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3.4 Synthetic Strategies for the Incorporation of 
Molecular Catalysts into MOFs  

Three different methodologies were envisaged for the synthesis of UiO-type 
or NU-1000 MOFs with [RuII(tda)(py)2] metalo-linkers.  

1) Direct solvothermal synthesis using [RuII(tda)(PyCO2H)2] and 
[RuII(tda)(PyCO2H)2] and as the sole linker. This is the most 
straightforward approach which, in theory, should result in MOFs 
with the highest possible catalyst loading. In these materials, the dis-
tance between redox active Ru centres is a short as possible, which 
is favourable for fast redox hopping charge transport.  
 

2) Mixed-linker solvothermal synthesis where a sterically less demand-
ing and inert co-linker is used in conjunction with another linker (in 
this case, a molecular water oxidation complex). This strategy may 
resolve problems arising from the sheer steric bulk of the Ru 
metallo-linker, and space out the catalytically active linkers. 
 

3) An indirect approach where the metallo-linkers is post-synthetically 
introduced into a pristine parent MOF with linkers of matching 
length. This strategy avoids subjecting the molecular catalysts to the 
harsh solvothermal synthesis conditions that are often needed for 
MOF synthesis. This is particularly valuable for linkers which are 
temperature and solvent sensitive.   

The direct approach has been previously used for porphyrin- or phthalocya-
nine-based catalyst linkers.59, 77, 79, 127, 130 While co-synthesis strategies have 
also been reported with ruthenium molecular complexes for the synthesis of 
UiO-67 type and Co(II)-MOFs 118, 128, 129  

These papers outline strategies to use co-linker strategies and indirect strate-
gies of incorporation of a molecular complex for water oxidation inside 
MOFs. 
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Figure 3.8. Strategies of making MOFs with catalytic Ru(tda)(PyCO2H)2 linker. Reprinted with 
permission from the Royal Society of Chemistry. T. Liseev et al / Dalton Trans., 2020, 49, 13753 
- 13759. 

3.5 UiO-Type Topology Prepared via Post Synthetic 
Modification 

3.5.1 Direct Solvothermal Synthesis and Co-Synthesis  
DMF is a common choice for solvothermal synthesis of UiO-type MOFs, but 
DMF (and amines that may arise from DMF decomposition) may compete for 
coordination to the ruthenium centre. To reduce this probability, 
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dimethylacetamide (DMA) was used as the solvent for the MOF synthesis, 
being a bulkier analogue to DMF.  

Therefore, [RuII(tda)(PyCO2H)2] was mixed with ZrOCl2(H2O)8 in a 1:1 molar 
ratio in DMA (38 µmol/3 mL), and a tenfold excess of mediator (either formic 
acid, acetic acid or benzoic acid) was added. The mixture was sonicated for 1 
h, sealed in a vial and incubated at temperatures between 80°C and 120°C for 
two days. Despite a large number of attempts, the material that was obtained 
from the direct synthesis attempts, after washing and drying was found to be 
mostly amorphous by PXRD analysis (1) (Figure 3.9.)  

Direct co-synthesis was then subsequently explored, using inert linkers to 
space out the complex to achieve the desire MOF lattice. Ethynedibenzoic acid 
(edba) was chosen as the co-linker due to its matching length with the 
[RuII(tda)(PyCO2H)2] linker (13.3 Å and 13.5 Å, respectively), as well as its 
structural rigidity. 

 
Figure 3.9. PXRD pattern (left) and SEM micrograph (right) of material 1 demonstrating its 
amorphous nature. Reprinted with permission from the Royal Society of Chemistry. T. Liseev et 
al / Dalton Trans., 2020, 49, 13753 - 13759. 

The solvothermal synthesis conditions that were tested were analogous to 
those employed above, with the addition of the extra edba linker. Different 
molar ratios of [RuII(tda)(PyCO2H)2] : edba were tested (1:1, 1:4 and 1:8), but 
unfortunately, none of these attempts with the co-linker were successful and 
only amorphous materials (2) were obtained (Figure 3.10.).  

From a synthetic viewpoint, both the direct and co-synthesis approaches using 
the diatropic [RuII(tda)(PyCOOH)2], resulted in the formation of amorphous 
material, which indicates that the steric bulk of the metallo-linker is not the 
deciding factor that gives rise to the inability of the material to crystallize into 
a regular lattice. Instead, the conformational flexibility of the 
[RuII(tda)(PyCO2H)2] complex itself may not be compatible with ordered 
MOF growth under direct solvothermal synthesis conditions.  



 

 53

In addition, the [RuII(tda)(PyCO2H)2] linker may also fail to form a MOF due 
to potential ambiguity in SBU-coordinating sites within the Ru linker. There 
is an indication that the SBU-coordination occurs via the axial carboxylates 
and through the equatorial carboxylate groups, which in low Ru oxidation 
states are not coordinating the ruthenium centre.  

  
Figure 3.10. PXRD patterns of the products of direct synthesis with varying ratios of co-linkers, 
all showing an amorphous phase. Reprinted with permission from the Royal Society of Chem-
istry. T. Liseev et al / Dalton Trans., 2020, 49, 13753 - 13759. 

In order to circumvent the ambiguity of the binding modes during solvother-
mal synthesis, an indirect approach for the incorporation of the catalyst was 
chosen and the framework was constructed prior to catalyst incorporation. 
Hence, the edba and ZrOCl2(H2O)8 were mixed in DMA (38 µmol/3 mL), in 
a 1:1 molar ratio, with a 10 equivalent molar excess of formic acid (modula-
tor). The mixture was sonicated for 1 h, sealed in a vial and incubated in an 
oven at 135 °C for 2 days (materials 3 & 4). The post-synthetic exchange 
(PSE) was carried out by suspending 10 mg of MOF to 3 mM of 
[RuII(tda)(PyCO2H)2] in 3 mL of methanol, incubated on a shaker overnight 
at room temperature, and the obtained MOF was subsequently washed with 
EtOH (5 & 6). 

3.5.2 Structural Characterisation of MOFs 
Upon examination with XRD, the direct synthesis, 1, and co-synthesis at-
tempts, 2, showed no formation of crystalline material, as described above. 
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For the post-synthetic introduction of the Ru metallo-linker, the pristine parent 
UiO-type  MOF was prepared with the size matched edba linker first. Exami-
nation of different batches of the ebda-MOF by SEM showed two different 
morphologies, one forming an octahedral MOF, 3, and the other forming the 
interlaced MOF, 4, (Figure 3.11.). An analogous, interlaced MOF morphology 
has been observed previously for UiO-66.153, 154  In the present case, one mor-
phology tends to dominate the entire batch, but both materials exhibit identical 
PXRD patterns, although the pattern of the octahedral morphology is gener-
ally characterised by sharper reflections.  

Both morphologies result from the same preparation protocol, but through ex-
amination of all reaction parameters revealed that the morphology is decided 
by small difference in the Zr : edba that is used in the solvothermal synthesis. 
It was found that a small, excess of SBU leads to the interlaced morphology. 
The reason for the initial somewhat random reaction outcomes lies in the fact 
that ZrOCl2(H2O)8 is highly hygroscopic in nature, which complicates precise 
control in the weighing process. 

Both octahedral MOF 3 & interlaced MOF 4, were subjected to post-synthetic 
linker exchange (PSE) to assess the impact that the morphology has on the 
incorporation yield of the metallo-linker, and whether missing linker defects 
are filled,155 This provided the powder diffraction patterns for MOFs 5 & 6, 
where all major peaks remain intact and their positions conserved, which 
demonstrates overall retention of MOF structure under the PSE conditions 
(Figure 3.12.).  

 
Figure 3.11. Characterisation of edba-MOF. SEM micrographs of (A) octahedral crystal mor-
phology of material 3. (B) interlaced crystal morphology of material 4. (C) PXRD patterns of 
octahedral material 3 and interlaced material 4 in comparison to the published pattern. Re-
printed with permission from the Royal Society of Chemistry. T. Liseev et al / Dalton Trans., 
2020, 49, 13753 - 13759. 
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Figure 3.12. PXRD patterns of amorphous materials 1 (from solvothermal synthesis) 
and 2 (from mixed-linker solvothermal synthesis), edba-MOF 3 and 4 and 5 and 6 (with post-
synthetically introduced Ru linker), in comparison with a literature reference pattern. The pat-
terns are grouped by colours: amorphous materials (black), pristine edba-MOFs (blue), Ru-
edba MOFs (red), reference pattern (green, CSD identifier RUKDIM). Reprinted with permis-
sion from the Royal Society of Chemistry. T. Liseev et al / Dalton Trans., 2020, 49, 13753 - 
13759. 

Nitrogen adsorption and desorption isotherms were recorded to assess total 
internal surface area of both of the parent MOFs, 3 & 4, and how it changes 
with incorporation of the Ru metallo-linker. The BET surface area for 3 was 
determined to be 1300 m2 g-1, while that of 4 is only 390 m2 g-1, with the dis-
parity in surface area due to the larger abundance of missing linker defects in 
4. The hysteresis in the isotherm of 4 indicates the presence of mesopores, as 
the result of the high number of defects.  
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Figure 3.13. N2 sorption isotherms of edba-MOF 3 to 6. The octahedral edba-MOF 3 and Ru-
edba-MOF 5 show overall higher adsorption profile. The interlaced edba-MOF 4 shows a hys-
teresis indicative of mesopores. For both morphologies, incorporation of the Ru(tda)(PyCO2H) 
linker increases internal surface area. Reprinted with permission from the Royal Society of 
Chemistry. T. Liseev et al / Dalton Trans., 2020, 49, 13753 - 13759. 

The literature value reported for the same edba MOF (BUT-30156), 3941 m2 
g−1, surpasses that of the material obtained by our synthetic method by a factor 
of 2 in case of MOF 3 and factor of 10 for MOF 4, which is consistent with 
less missing-linker defects in BUT-30. There is a number of reports correlat-
ing internal surface area of MOFs to the amount of defects, some of which 
indicate that more defects lead to higher BET surface areas,157 while others 
show the opposite, i.e. more defects give rise to lower surface areas.158  

A notable report from Wang et al. demonstrates how the BET surface area in 
UiO-66 grows with increasing defects up to a threshold amount, but then be-
gins to drop.159 It appears that the amount of missing-linker defects in the MOF 
is above this threshold. This conclusion is corroborated by the fact that the 
BET surface areas for both morphologies increase upon incorporation of the 
Ru (tda) linkers, with 5 and 6 exhibiting a surface area of 1390 m2 g−1 and 800 
m2 g−1, respectively. This finding also indicates that the major mechanism of 
incorporation is probably replacement of the modulator and solvent molecules 
at the nodes rather than the exchange of edba struts. 
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3.6 Cyclic Voltammetry 
All measurements were performed in pH 7.0 phosphate buffer (0.1 M), using 
an Ag/AgCl reference electrode, a GC counter electrode, and a scan rate ν = 
0.1 V/s, unless stated otherwise. The homogeneous [RuII(tda)(PyCOOH)2] 
complex was measured to obtain its characteristic redox features for reference 
purposes. The CV of the molecular reference complex features two well-sep-
arated reversible waves that correspond to Ru(III/II) and Ru(IV/III) redox transi-
tions. If the complex is successfully incorporated into a MOF, we expect these 
features to be qualitatively conserved.   

 

Figure 3.14. Cyclic voltammogram of homogeneous Ru(tda)(ina)2 complex in 0.1 M pH 7.0 
phosphate buffer. Reprinted with permission from the Royal Society of Chemistry. T. Liseev et 
al / Dalton Trans., 2020, 49, 13753 - 13759. 

For their electrochemical characterisation, materials 1-6 (amorphous or MOF) 
were separately suspension of multi-walled carbon nanotubes and drop casted 
onto glassy carbon electrodes, followed by air drying. The direct and co-syn-
thesis materials 1 and 2 exhibited CV’s with multiple redox couples, which 
indicates the presence of at least two different Ru species. In contrast, CVs of 
the Ru-edba-MOFs 5 and 6 displayed two simple oxidation waves at identical 
potentials as those of the Ru(III)/ Ru(II) and Ru(IV)/Ru(III) redox couples in the 
homogenous [RuII(tda)(PyCOOH)2] reference.  
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When the overall crystallinity of the MOF is pre-determined by the pristine 
MOF 3 and 4, incorporation of the Ru-linker seems to proceed in the envis-
aged fashion through the axial iso-nicotinic acid groups, and is not disturbed 
by the dangling carboxylates at the tda ligand. While the above work estab-
lished a viable synthetic pathway for the immobilisation of the Ru metallo-
linker in a MOF, the obtained materials 5 and 6 fell short in showing electro-
catalytic water oxidation activity. This behaviour of the MOF-confined cata-
lyst is in contrast to that of the catalyst linker in homogeneous phase. The 
exact reason for the lack of activity when immobilised in the MOF is unclear 
at present.  

 

 

 

 

 

 

 

 

 

Figure 3.15. Top left, Cyclic voltammograms of 1, product of direct solvothermal synthesis. 
Top right, 2, product of the co-synthesis with edba. Bottom left, octahedral Ru-edba-MOF 5. 
Bottom right, interlaced Ru-edba-MOF 6. Grey dotted lines represent the reference CV of the 
homogeneous complex for comparison. Reprinted with permission from the Royal Society of 
Chemistry. T. Liseev et al / Dalton Trans., 2020, 49, 13753 - 13759. 
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4 Electrocatalytic Water Oxidation from a 
Mixed Linker MOF Based on NU-1000 
with an Integrated Ruthenium-Based 
Metallo-Linker (Paper II) 

4.1 Introduction 
In a follow-up study to the one in chapter 3, a tetratopic version of the 
[RuII(tda)(py)2] complex bearing Py(PhCOOH)2 (4,4'-(pyridine-3,5-
diyl)dibenzoic acid) ligands at the axial positions, was explored for its incor-
poration into NU-1000 type MOF structures. The native linker of that MOF is 
H4TBAPy (1,3,6,8-pyrenetetrayl)tetrakisbenzoic acid), which is similar to the 
tetratopic [RuII(tda)(Py(PhCOOH)2)2] complex in terms of geometry and di-
mensions, both of which are factors that should enable facile linker incorpo-
ration.  

From a thermodynamic viewpoint, the use of TBAPy as a co-linker to the 
[RuII(tda)(Py(PhCOOH)2)2] is promising as the formal potential for TBAPy 
oxidation in NU-1000 has been reported as 1.1 V and 1.4 V vs. Ag/AgCl in 
CH2Cl2

160 and CH3CN102, respectively. For the purposes of this thesis, 
[RuII(tda)(Py(PhCOOH)2)2] will be abbreviated as I.  

TBAPy-based oxidations in NU-1000 are sufficiently anodic to not interfere 
with the Ru(III/II) and Ru(IV/III) couples of the [RuII(tda)(py)2]-based linker which 
are expected to be cathodic of 1.0 V. At such potentials, the native NU-1000 
framework is expected to behave as an inert matrix.85, 102, 161  

The situation can however be expected to change at potentials at which water 
oxidation occurs, typically at onset potentials just beyond 1.0 V vs. NHE. At 
these potentials, TBAPy oxidation in NU-1000 can be expected. Thus, the 
TBAPy linkers may provide a hole transport pathway to efficiently deliver 
oxidizing equivalents to I. In an ideal scenario, the pyrene linkers may provide 
a hole transport pathway also to catalyst linkers that are remote from the 
MOF/electrolyte interface, i.e. in the core of the MO crystals, giving rise to 
efficient use of catalyst linkers and high current densities. The co-synthesis 
approach involving the Ru-tda and the TBAPy linker, are the focus of paper 
II. 
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4.2 Metallo-Linker Synthesis and Characterisation 
The synthetic sequence to [RuII(tda)(Py(PhCOOH)2)2] is outlined below in 
Figure 4.1. The Py(PhCOOH)2) ligand that provides the coordination bonds 
to the SBUs was prepared via a Pd-mediated Suzuki cross coupling reaction 
between 3,5-dibromopyridine and (4-(methoxycarbonyl)phenyl)boronic acid 
in refluxing dioxane/water (11:1). The obtained methyl ester was saponified 
by refluxing in an aqueous sodium hydroxide solution to afford the unpro-
tected ligand in 71 % yield over both steps (Figure 4.1).  

The target metallo-linker was assembled by heating two equivalents of the 
ligand Py(PhCOOH)2 with [RuII(tda-k-N3O)(dmso)(OH2)] in water with a 
small quantity of NaOH to reflux for one day. [RuII(tda)(Py(PhCOOH)2)2] (I) 
was obtained in an isolated yield of 34 % (Figure 4.1). Single crystals of I 
could be obtained by slow diffusion of diethyl ether into a solution of the com-
plex in a DMSO/DMF mixture. Structure elucidation by single crystal X-ray 
diffraction revealed an octahedral geometry and the expected coordination en-
vironment around the ruthenium centre, where tda2- coordinates the Ru centre 
in a κ-N3O1 manner, similar to previous examples of this type of complexes 
in the literature (Figure 4.2.).162 

 
Figure 4.1. Synthetic scheme for the synthesis of complex I. 

 

 

I 
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Figure 4.2. X-ray crystal structure of I. 

4.3 Mixed Linker MOF Synthesis and Characterisation 
Initial attempts to produce a crystalline material by direct solvothermal syn-
thesis using I as the sole linker were not successful, despite the testing of a 
broad range of different conditions. Considering the geometric similarities be-
tween I and the pyrene-based H4TBAPy linker in NU-1000, the possibility to 
dope NU-1000 with complex I during the solvothermal synthesis was ex-
plored.  

Using the optimised conditions for phase-pure NU-1000 preparation,163 the 
H4TBAPy linker was complemented by I in the solvothermal synthesis. In 
total, seven materials were prepared by increasing the proportions of the 
metallo-linker in increments of 5 % from 0 to 30 % relative to the ZrOCl2 
precursor. NU-1000 synthesis in the absence of any Ru dopant confirmed the 
reproducibility of the synthetic procedure in our hands, and provided a mate-
rial to which all Ru-doped materials were compared to.  

The amount of Ru doping was quantified by ICP-OES analysis of samples that 
had been digested in concentrated H2O2/HNO3. While the amount of Ru pre-
sent in the mixed linker MOFs increased with increasing proportions of the 
metallo-linker in the solvothermal syntheses, a linear correlation could not be 
established. The mixed-linker MOF materials can be grouped into two cate-
gories, those that have a low Ru content, ≤ 1.5 %, and those with a higher 
content of ≥4 % relative to Zr. A transition between these two groups is 
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observed when the proportion of I exceeds 15 mol % relative to ZrOCl2 in the 
solvothermal syntheses (Table 1) 

Table 1. Comparison between the ratios of [RuII(tda)(Py(PhCOOH)2)2] (I) and ZrOCl2 that 
were used in the solvothermal syntheses (in mol%) and the actual incorporation of the mixed 
linker MOFs. Conditions: ZrOCl2.8H2O, 35 mol% H4TBAPy, benzoic acid, DMF, 100°C, 3 d. 
Reprinted with permission from the Royal Society of Chemistry. A. Howe et al / Mater. Adv., 
2022, 3, 4227 - 4234. 

I 

used in solvothermal synthe-
sis 

in mol% relative to ZrOCl2 

I 
in final mixed linker MOF 

in mol% relative to Zr, 
as determined by ICP-OES 

5 < 0.1 

10 0.6 

15 1.6 

20 4.8 

25 4.1 

30 5.7 

4.4 Structural Characterisation of Mixed Linkers 
MOFs 

All mixed-linker solvothermal syntheses produced crystalline materials, as 
visible by their powder X-ray diffraction patterns (Figure 4.3). The reflections 
of the PXRD are largely located in similar positions as those found in NU-
1000,164 with each sample displaying three clearly visible reflections at 2θ = 
5.2°, 7.5° and 10.4°.  

Upon increasing proportions of the Ru linker in the solvothermal syntheses, a 
gradual decrease in the intensities of the PXRD reflections can be observed, 
which can be assigned to decreased crystallinity of the samples. In fact, grad-
ually decreasing crystallinity is consistent with further experiments in which 
the Ru linker content was as high as 75 to 100% relative to ZrOCl2, and that 
do not produce any crystalline material. The SEM images of the material show 
the average crystal size decreasing down from ~4 µm down to sub-micrometer 
dimensions with increasing levels of Ru doping.  
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 Figure 4.3. Powder X-Ray Diffraction (PXRD) patterns of the mixed linker MOFs. NU-1000 
(black trace) and mixed-linker NU-1000-Ru with increasing proportions (from 5 to 30 %) of  I  
as indicated by the arrow. Reprinted with permission from the Royal Society of Chemistry. A. 
Howe et al / Mater. Adv., 2022, 3, 4227 - 4234. 

Inspection of the scanning electron micrographs of the mixed linker MOFs 
show that the preparations with low Ru content yielded rod-shaped crystals 
similar in morphology and size to NU-1000. Increasing Ru contents lead to a 
significant smoothening of the crystal contours, and a decrease in crystal size 
(Figure 4.4.). In the most extreme case, particle morphology deviates signifi-
cantly from hexagonal rods as in case of NU-1000, and are better described as 
almost spherical. Similar to what was observed with the PXRD. Also, SEM 
analysis showed that increasing ruthenium loadings show a decrease in crys-
tallinity, with reactions loadings greater than 75 mol % resulting in amorphous 
material being produced.  

The presence of complex I in the mixed linker MOFs was evidenced by FTIR 
spectroscopy which showed peaks that are assigned to the metallo-linker. 
Transitions at 1697 cm-1, 1097 cm-1 (C-O stretch), 865 cm-1, 784 cm-1 and 717 
cm-1 correspond to those found in the FTIR spectrum of the homogenous 
linker. Additionally, Ru doping was also examined by energy-dispersive X-
ray spectroscopy (EDX), which further confirmed the presence of ruthenium 
throughout the materials. 
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Figure 4.4. Scanning electron micrographs of the obtained mixed linker MOF materials: from 
top left to bottom right are shown the MOFs obtained from solvothermal synthesis where the 
content of I was systematically increased from 5 to 30 mol% (in steps of 5%) relative to the 
used ZrOCl2. Reprinted with permission from the Royal Society of Chemistry. A. Howe et al / 
Mater. Adv., 2022, 3, 4227 - 4234.  

The fact that the ratio between the different linkers in the solvothermal syn-
thesis is not directly mirrored in their abundance in the mixed linker MOF has 
ample precedence in the literature. The phenomenon is usually ascribed to a 
situation where different linkers have different propensities to form MOFs, for 
example, as a result of different pKa values of coordinating carboxylates.165  

However, in such cases, a linear correlation between linker proportion in the 
synthesis and their presence in the MOF is still observed. In the present case, 
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the co-incorporation of the I and H4TBAPy linkers seems to be disturbed by 
additional factors. One such factor may be the poor solubility of I under the 
solvothermal conditions, or its higher degree of rotational freedom around the 
axial N-Ru-N vector.  

4.5 Electrochemistry and Water Oxidation Properties 
Being a new member of the Ru(tda) family of water oxidation catalysts, the 
electrochemical behaviour of I in water was investigated using a glassy carbon 
disk as working electrode, a platinum mesh counter electrode and Ag/AgCl (3 
M NaCl) as a reference electrode. Unless otherwise stated, all CVs are re-
ported under these conditions and the potentials are converted to NHE by add-
ing 0.2 V to the measured potential. Initial cyclic voltammograms (CVs) of 
aqueous solutions of complex I in 0.1 M sodium phosphate buffer (pH 7) gave 
inconclusive results due to the hydrophobicity of the complex and its associ-
ated low solubility.  

Thus, complex I was suspended with multi-walled carbon nanotubes 
(MWCNTs) in THF, and subsequently drop-casted onto glassy carbon disk 
electrodes. The CV of I at pH = 7 shows two reversible waves at E1/2 = 0.61 
V and E1/2 = 1.09 V that are assigned to the Ru(III/II) and Ru(IV/III) couple, re-
spectively (Figure 4.5, black trace). 

As for all complexes of the Ru(tda) family, also complex I is a pre-catalyst 
that needs to be activated under oxidizing conditions to reveal its full catalytic 
potential. This oxidative activation converts the complex to a Ru(IV) state and 
establishes the indispensable Ru-OH2 unit.29 Full activation of surface-immo-
bilised I was achieved by controlled potential electrolysis (CPE) at 1.4 V in a 
pH 12 phosphate buffer solution (0.1 M) for a period of 40 minutes.  As a 
result, a shift of the redox waves associated with the Ru(III/II) and Ru(IV/III) cou-
ples to E1/2 = 0.52 V and E1/2 = 0.70 V is observed, respectively, followed by 
a large catalytic current associated with electrocatalytic oxidation of water to 
dioxygen at an onset potential of around 1.19 V (Figure 4.5, red trace). The 
lower currents of the Ru(III/II) and Ru(IV/III) waves after activation are presuma-
bly due to partial leaching of the complex from the electrode, which becomes 
more soluble in water after deprotonation of carboxylic acid functionalities 
during the activation step at pH 12. 
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Figure 4.5. Cyclic voltammogram of I immobilised with MWCNTs on a glassy carbon electrode 
prior to (black trace) and after (red trace) the activation procedure (controlled potential elec-
trolysis at 1.2 V). Background glassy carbon electrode (black dotted trace). 0.1 M phosphate 
buffer electrolyte; pH = 7; ν = 100 mV/s. Inset shows a zoom into the oxidation waves observed 
after catalyst activation. Reprinted with permission from the Royal Society of Chemistry. A. 
Howe et al / Mater. Adv., 2022, 3, 4227 - 4234. 

With NU-1000 and mixed linker MOF materials in hand, focus was directed 
towards their electrocatalytic water oxidation activity. Similar to the measure-
ments of the homogenous I, the MOFs were suspended and sonicated in THF, 
mixed with a separately prepared suspension of MWCNTs, and drop-casted 
onto glassy carbon working electrodes (see Figure 4.6.).  

Multiple CV scans of NU-1000 was carried out at pH 7 in a phosphate buffer 
(0.1 M). The first CV scan (in blue) shows an anodic feature in the range of 
1.0-1.4 V that is assigned to the oxidation of the TBAPy linker. This cannot 
be directly compared to other literature as other electrochemical analysis were 
performed in organic solvent.  

In the aqueous phosphate buffer used, this oxidation is electrochemically irre-
versible, and the corresponding cathodic feature in the reverse scan of the CV 
is largely absent. Consequently, consecutive CV cycles show a continuous 
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decrease of the TBAPy oxidation and new waves appear in the range of -0.2 
to 0.3 V. The appearance of these features is assigned to TBAPy-derived prod-
ucts that are formed in the electrochemically irreversible oxidation of the link-
ers. 

Figure 4.6. Preparation of MOF electrode via drop casting. Reprinted with permission from 
the Royal Society of Chemistry. A. Howe et al / Mater. Adv., 2022, 3, 4227 - 4234. 

The CV of the mixed linker MOF with the highest content of I (5.7 %), NU-
1000-Ruhigh, is shown in (Figure 4.7. A) together with that of NU-1000 (Figure 
4.7. B). For NU-1000-Ruhigh, an additional anodic wave can be observed at 
Ep,a = 0.8 V that is absent in the parent MOF. Consequently, this wave is as-
signed to the incorporated Ru linker. Finally, the 20th CV scan for both NU-
1000 and NU-1000-Ruhigh are compared to each other to observe the redox 
potentials of the complex in the mixed linker MOF (Figure 4.7. C).  

While the CVs of both materials show the TBAPy-derived product linkers at 
potentials more negative than 0.3 V, the 20th CV scan of NU-1000-Ruhigh 
shows the evolution of additional waves at E1/2 = 0.55 and 0.71 V. At the same 
time, the anodic feature at Ep,a = 0.8 V is absent. The new waves are typical 
for activated forms of Ru(tda) complexes,29 and are a further demonstration 
for the successful incorporation of the Ru-linker into NU-1000 material.  

The currents for the Ru-based oxidations at the glassy carbon electrode are 
relatively low, as the number of Ru-linkers that are in close contact to the 
MWCNT is small, and Ru-to-Ru electron hopping charge transport can be ex-
pected to be very slow due to the low incorporation yield of I and resulting 
large spatial separation.166 The TBAPy linkers are not conducting at potentials 
below 1.0 V either,167 thus do not provide hole transport pathways at potentials 
of, for example, the Ru(III/II) couple.168  
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Figure 4.7. Cyclic voltammetry of MOFs immobilised together with MWCNTs on glassy carbon 
working electrodes (0.1 M phosphate buffer electrolyte; pH = 7; ν  = 100 mV/s.). A: Multiple 
scans of NU-1000. Initial cycle of NU-1000 (black trace), cycles 2 – 19 (grey trace) and final 
cycle of NU-1000 (red trace). B: Initial cycles of NU-1000 (black trace), and NU-1000-Ruhigh 
(blue trace). C: 20th CV scans of NU-1000 and NU-1000-Ruhigh; inset shows a zoom into the 
Ru-based oxidations of NU-1000-Ruhigh. Reprinted with permission from the Royal Society of 
Chemistry. A. Howe et al / Mater. Adv., 2022, 3, 4227 - 4234. 

This situation however changes at more positive potentials at which TBAPy 
oxidation occurs and hole hopping transport throughout the whole crystalline 
material is enabled. Every oxidized TBAPy linker is a sufficiently strong ox-
idant to drive the oxidation of the Ru linkers through a mediated process. In 
other words, while the direct oxidation of I in CV experiments may be limited 
to near-surface site, potentially all Ru-linkers can be oxidized via the TBAPy 
moieties at higher applied potentials. Consequently, the Ru(III/II) and Ru(IV/III) 
oxidations may only feature as very small waves in the CVs of NU-1000-
Ruhigh, but will nevertheless occur in a TBAPy-mediated process at more pos-
itive applied potentials.  

With the possibility to engage a large proportion of the metallo-linkers in ca-
talysis, CPE experiments were conducted with NU-1000-Ruhigh to evaluate its 
capacity to catalyse electrochemical water oxidation. NU-1000-Ruhigh was 
used as the working electrode in a gas-tight two-compartment electrochemical 
cell that was coupled to a Clark-type electrode to measure oxygen evolution. 
Oxygen evolution as a function of time during at an applied potential of 1.30 
V. After 80 minutes of CPE, NU-1000-Ruhigh (black trace) shows the genera-
tion of 1.94 µmols of O2 (Figure 4.8). 

With a total charge of 2.006 C having passed through the cell, a Faradaic ef-
ficiency (FE) of 37% can be calculated. The low FE is most likely due to 
TBAPy oxidations that occur at the applied potential as described above and 
clearly observed in the repetitive CVs (Figure 4.7.). A control experiment with 
parent NU-1000 generates a negligible amount of oxygen, manifesting the role 
of the Ru metallo-linker as water oxidation catalyst. 
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As Ru linkers in the interior of the MOF crystals can only be oxidized in a 
TBAPy-mediated mechanism, an independent determination of electroactive 
Ru sites in NU-1000-Ruhigh is not possible. Assuming that catalysis occurs 
only at the near-surface Ru sites that also give rise to the CV response in Fig-
ure 4.6. C, a TON of 44600 can be calculated. It is however important to note 
that this number should only be seen as an upper limit, as most likely also Ru 
linkers in the interior of the MOF crystals contribute to catalysis, which would 
give rise to significantly lower TONs. 

 

Figure 4.8 Controlled potential electrolysis (CPE) coupled to oxygen evolution measurement 
of NU-1000 (red) and NU-1000-Ruhigh (black). Oxygen evolution vs time traces were recorded 
at an applied potential of 1.3 V vs. NHE in a 0.1 M phosphate buffer (pH 7), monitored with a 
gas phase Clark electrode. A Faradaic efficiency of 37 % was calculated at 80 minutes for NU-
1000-Ruhigh. Reprinted with permission from the Royal Society of Chemistry. A. Howe et al / 
Mater. Adv., 2022, 3, 4227 - 4234. 
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4.6 Conclusions & Outlook from Papers I and II.  
Chapters 3 and 4 contain the results of our attempts to incorporate to incorpo-
rate water oxidation catalysts of the [RuII(tda)(py)2] family into UiO-66 and 
NU-1000 type metal-organic frameworks.  

Three synthetic approaches for the incorporation of a catalytic metallo linker 
were considered, namely the direct synthesis, co-synthesis with linkers of sim-
ilar size and geometry. As the project aimed at the preparation of UiO-type 
MOFs, the diatropic [RuII(tda)(ina)2] linker was used, while for the NU-1000-
type, the tetratopic [RuII(tda)(Py(PhCOOH)2)2] linker was used.   

For the UiO-type MOF work in paper I, direct methods yielded amorphous 
materials, that most likely result from SBU ligation by the equatorial tda car-
boxylate in a random fashion. Mixed linker MOF synthesis with the ditopic 
[RuII(tda)(ina)2] and edba, also produced amorphous materials. The Ru linker 
could however be introduced into the MOF, via a post-synthetic approach.  

Interestingly, this MOF can be prepared in two distinct morphologies, con-
trolled by small variations in the linker : SBU ratio during the synthesis. De-
spite of having found viable synthetic strategies for MOF incorporation.  The 
Ru complex did not display electrocatalytic water oxidation activity in this 
instance. 

Subsequently, efforts to introduce [RuII(tda)(Py(PhCOOH)2)2] into NU-1000 
were carried out, as outlined in paper II. This too initially also focused on 
direct solvothermal methods. When using the Ru complex as the sole linker, 
the solvothermal synthesis resulted in amorphous materials, mirroring the out-
come for the ditopic [RuII(tda)(ina)2] attempts described in paper I. However, 
in contrast to the co-synthesis strategies outlined in paper I, combining tetra-
topic [RuII(tda)(Py(PhCOOH)2)2] with the tetratropic H4TBAPy pyrene-based 
co-linker in solvothermal syntheses produced a series of crystalline materials 
with variated Ru loading.  

Attempts to enhance the incorporation yield by increasing the 
[RuII(tda)(py(PhCOOH)2)2] content during the synthesis resulted in MOFs of 
smaller crystal size and poorer quality, with Ru ratios above a certain thresh-
old producing only amorphous materials. Cyclic voltammograms of the NU-
1000-Ru MOFs exhibited no characteristic Ru(tda)-based features, which in-
dicates that the density of the Ru centres is below the percolation threshold for 
redox hopping – a phenomenon with precedent in the literature.86, 118, 168 Over-
all, chapters 3 and 4 describes two successfully solved synthetic problems for 
the immobilisation of [RuII(tda)(py)2] derivatives into UiO and NU-1000 type 
topologies.  
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For the future development of this project, it has to be ensured that catalyst 
activation by bulk electrolysis of the MOF can be conducted. Preliminary ex-
periments show that this is challenging. A promising approach could be estab-
lished in the Ru-doped NU-1000 though, in which pyrenes can be oxidised at 
high electrochemical potential. The oxidised pyrene linkers providing suffi-
cient driving force for the oxidation of the [RuII(tda)(Py(PhCOOH)2)2] linkers, 
despite their low abundance in the material which leads to very slow Ru-to-
Ru hole transport. This mediated hole transport to all catalyst through the py-
rene linker is an elegant mechanism. Which may permit catalyst activation of 
all Ru catalysts for water oxidation, event those that are remote from the MOF 
surface.  
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5 Synthesis of a Metal-Organic Framework 
Formed from Molecular Ruthenium-based 
Water Oxidation Catalyst as the Sole 
Linker Unit (Paper III) 

In this chapter, a new zirconium-based MOF is prepared from the ruthenium 
complex [RuII(bda)(py)2] (bda = 2,2-bipyridine-6,6-dicarboxylic acid, 
Py(PhCOOH)2 = (4,4'-(pyridine-3,5-diyl)dibenzoic acid)) as the only linker 
unit. Structural and functional characterisation of the complex, the MOF in its 
bulk form and as a surface-mounted metal-organic framework (SURMOF) 
was carried out. The electrochemical properties and charge transport charac-
teristics of these materials are assessed. The work in this chapter is the first 
example of a molecular ruthenium complex being successfully incorporated 
into a MOF as a sole integral linker unit.  

5.1 Introduction  
As discussed in the previous two chapters, carboxylates at the equatorial tda 
ligand of the Ru metallo-linker that are not permanently coordinated to the Ru 
cation may disturb solvothermal MOF growth. To counteract this potential 
problem, a Ru-based water oxidation catalyst linker based on 2,2-bipyridine-
6,6-dicarboxylic acid (bda) was envisaged as metallo linker. For MOF incor-
poration, anchoring groups for SBU coordination had to be installed, and axial 
ligands similar to the ones in chapter 4 were chosen for this purpose.  

Solvothermal synthesis of MOFs that exclusively consist of water oxidation 
catalysts as metallo linkers is desirable due to higher loadings of catalytic sites 
that could give rise to high current densities in electrochemical experiments. 
With the catalysts being integral to the linker, the void in the MOF structure 
is available for ion, substrate and product transport.169 Reports of direct syn-
thesis of electrocatalytic MOFs have been limited to porphyrins as for exam-
ple in PCN-222,170 and other planer frameworks. Herein, we report the crea-
tion a MOF that is built entirely from the octahedral [RuII(2,2′-bipyridine-6,6′-
dicarboxylato)(4,4'-(pyridine-3,5-diyl)dibenzoic acid)2] (abbreviated as II) 
which acts as the sole linker moiety in the framework.  
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5.2 Preparation of the Metallo-linkers  
The metallo-linker was prepared from 2,2-bipyridine-6,6-dicarboxylic acid 
and Ru(dmso)4Cl2 in the presence of Et3N, followed by the addition of the 
axial ligand. Progress of the reaction was monitored by cyclic voltammetry 
and the complex purified by multiple washing and extraction steps. Pure 
[RuIII(2,2′-bipyridine-6,6′-dicarboxylato)(4,4'-(pyridine-3,5-diyl)dibenzoic 
acid)2] (II) was obtained in 32 % yield (Figure 5.1.). 
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HOOC COOH [Ru(dmso)4Cl2] (1 eq, 0.2 mmol)
Et3N (4.5 eq, 0.9 mmol)+

(2.1 eq, 0.42 mmol)(1 eq, 0.2 mmol)

MeOH (20 mL)
Δ, 3 days

32 % Yield  

Figure 5.1. Synthetic scheme for the preperation of [RuII(bda)(Py(PhCOOH)2)] (II).  

The 1H NMR spectrum of II was recorded in conjunction with a reducing 
agent to reduce the paramagnetic Ru(III) centre into the diamagnetic Ru(II) spe-
cies that is observable in the NMR spectroscopy. The 1H NMR spectrum of II 
in Figure 5.2. shows the expected peaks in the aromatic region that arise from 
the equatorial bda and the axial pyridine-derived ligands.  

Figure 5.2. 1H NMR spectrum of II in MeOD with 20 µL of triethylamine and 20 mg of sodium 
ascorbate (400 MHz, MeOD). 
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5.3 Electrochemical Characterisation of the  
Metallo-linker 

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and chrono-
amperometry (CPE) measurements of the linker were performed in a single 
compartment cell. The electrochemical behaviour of the linker was studied 
under aqueous conditions as the reactivity and performance of the Ru-bda 
family of water oxidation catalysts can be highly sensitive to minor changes 
in solvent composition.171  

Complex II was first investigated in 0.1 M TFA solution to which trifluoro-
ethanol (TFE) was added to improve solubility of the complex. As seen in 
Figure 5.3., the CV of II shows redox waves for the Ru(III/II), Ru(IV/III) and 
Ru(V/IV) couples at 0.77 V, 1.09 V, and 1.3 V, respectively, which is in a similar 
range to values already reported in the literature.  

Metallo-linker II lacks stability in aqueous solution and exposure of solutions 
of the complex to air overnight results in a dramatic colour change from red 
to green. A possible explanation for this phenomena is that the complex oxi-
dises in the presence of air and forms a Ru–O–Ru–O–Ru metal-oxide-chain 
motif, which has been observed in previous studies.172  

 

Figure 5.3. CV of II (in red) and background CV (in black) in 0.1 M in 0.1 M trifluoroacetic 
acid in the presence of TFE (100 mV/s-1). Insert shows the DPV under identical conditions.  
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The electrochemical properties of II were further investigated in acidic, neu-
tral and basic aqueous solutions. In aqueous phosphate buffer solutions at pH 
7.0 (Figure 5.4.), the redox potentials are shifted and only two redox couples 
can be observed at 0.67 V and 1.1 V that are assigned to the Ru(III/II) and 
Ru(IV/III) couple, respectively. Following these waves, the catalytic onset and 
associated rapid increase in current density is observed. The increase in cur-
rent density at the water oxidation potential is pH dependent, and increases 
with increasing OH- concentrations. At acidic pH values, the current increase 
is diminished.173 

Figure 5.4. CV and DPV of II in 0.1 M pH 7 phosphate buffer solution. Black trace (1 mM of 
Ru(bda)(Py(PhCOOH)2)) and blank glassy carbon electrode (red trace). (v = 100 mV/s). 

5.4 Target MOF Preparation in Bulk 
Complex II was used as a metallo-linker together with the SBU precursor 
ZrOCl2.8H2O in a solvothermal syntheses to form a new MOF (III). Different 
synthesis conditions were screened (amount and type of modulator, reaction 
time and temperature), some of which are summarized in Table 2.  
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Table 2. Synthesis conditions for the synthesis of MOF III 

Ru(bda) ZrOCl2 ZrCl4 PhCO2H CH3CO2H V DMF Temp. Time 

20 mg 13 mg - 750 mg - 7.0 mL 80 °C 5 days 

20 mg - 9.4 mg 750 mg - 7.0 mL 80 °C 5 days 

20 mg - 9.4 mg 1.0 g - 7.0 mL 80 °C 5 days 

20 mg 13 mg - - 525 μL 7.0 mL 65 °C 5 days 

20 mg 13 mg - - 700 μL 7.0 mL 65 °C 5 days 

20 mg 13 mg - - 525 μL 7.0 mL 80 °C 5 days 

.The bulk powder MOFs that were obtained from the different solvothermal 
syntheses were characterized by powder x-ray diffraction (PXRD, Figure 
5.5.). With benzoic acid as modulator (72 eq), three clearly visible reflections 
are visible in the PXRD at 2θ = 5°, 7.1° and 10°. Unless stated otherwise, it is 
this material that has been used in the subsequent sections. In an effort to im-
prove the crystal quality of III, other modulators were tested, including exper-
iments with 150 equivalents of acetic acid and formic acid.  

The sample synthesised with acetic acid as a modulator showed multiple re-
flections at 2θ = 5.25°, 7.05°, 8.58°, 9.01°, 9.18°, 9.38°, 9.65°, 10.34°, 11.30°, 
13.47°, 13.88°. A different pattern of reflections emerged at 2θ = 6.97°, 8.19°, 
8.62°, 8.97°, 9.48°, 9.93°, 10.32°, 13.92° when formic acid was used as 
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modulator, pointing towards the formation of MOFs with different topologies. 
Unfortunately, despite of many attempts, crystals of sufficient size and crys-
tallinity for structure determination by X-ray crystallography could not be ob-
tained. Instead, materials of the highest crystallinity are currently being inves-
tigated by electron diffraction for further characterisation. 

The obtained materials were further evaluated by SEM, which shows octahe-
dral crystals which are approximately 375 nm in length (see Figure 5.6.). Fur-
thermore, EDX of the crystals show an even distribution of the complex 
throughout the crystals (See ESI). ICP-OES of six different batches of MOF 
gave rather similar Ru : Zr atomic ratio of 0.42±0.05 (see ESI). This ratio is 
in between the expected ratios of a 12-coordinate Zr6-cluster SBU MOF such 
as UiO-66 and an 8-coordinated Zr6-cluster SBU MOF such as NU-1000. The 
latter, consisting also of tetratopic linker units (see section 4), exhibits a linker 
: Zr ratio of 0.33. 

 
Figure 5.5. Powder X-Ray Diffraction (PXRD) of III, synthesised using different modulators. 
72 eq PhCO2H (black trace), 150 eq PhCO2H (red trace), 75 eq HCl (blue trace), 150 eq HCl 
(green trace), 75 eq AcOH (purple trace), 150 eq AcOH (tan trace), 75 eq HCO2H (turquoise 
trace) and 150 eq HCO2H (brown trace).  
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Figure 5.6. Scanning Electron Microscope (SEM) images of III. The SEM image show oval 
particles which have an average size of approximately 375 nm.  

The absorption isotherm of III synthesised with 72 equivalents of benzoic acid 
is shown in Figure 5.7., and exhibits a normal type II isotherm behaviour. The 
Brunauer-Emmett-Teller (BET) surface area, showed a low surface area of 
33.6 cm3/g. This may be a result of limited crystallinity of the sample, but also 
due to collapse of the MOF structure during the washing stages. 

 
Figure 5.7. Left, isotherm plot of III. Obtained from 34.6 mg of material. Adsorptive N2 iso-
therm was recorded at 77 K. Prior to measurement, materials were activated under dynamic 
vacuum (1 × 10–4 Pa) at 80°C for 18 hours. Right, Incremental surface area vs pore size plot 
of III obtained from 34.6 mg of material.  

5.5 Electrochemical Analysis of MOF III 
III was suspended with MWCNT and drop-casted onto glassy carbon elec-
trodes for electrochemical characterization. CVs of immobilised III in 0.1 M 
pH 7 phosphate buffer (phbs) revealed redox processes at 0.62 V and 0.77 V 
which are assigned to the Ru(III/II) and Ru(IV/III) couples, respectively (Figure 
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5.8.). These values are cathodically shifted compared to those of the homoge-
nous linker (0.67 V and 1.1 V) at the same pH, presumably a result of the 
different micro-environment around the linker when incorporated in the MOF. 
Multiple scan experiments lead to an anodic shift of the oxidation potentials 
to 0.67 V (Ru(III/II)) and 0. 84 V (Ru(IV/III)), thus closer to those of the homoge-
neous linker. While such effects do not have precedence in the literature, the 
shift may be due to pH changes in proximity of the catalyst linker or changes 
at non-permanently occupied coordination sites at the SBU. The peak-to-peak 
separation of the waves is also increased at the higher scans, indicative of slow 
interfacial electron transfer or kinetically limited electron transport in the 
MOF crystals. 

 
Figure 5.8. CV of III, drop casted with multi-wall carbon nanotubes (MWCT) on a GC elec-
trode (0.071 cm2),  conducted in 0.1 M pH 7 phbs as a supporting electrolyte in water. Initial 
scan (black trace), scans 2 – 49 (grey trace) 50th scan (blue scan).  

5.6 SURMOF Growth  
In order to increase the structural stability of the MOF substrate interface, to 
obtain more coherent films, and to increase interfacial charge transfer kinetics, 
III was grown as a surface-mounted metal-organic framework (SURMOF). 
The preparation of such SURMOFs usually involve exposing a flat solid sub-
strate, such as FTO, ITO, or gold to a solution of MOF precursors, followed 
by solvothermal synthesis to form a film on the surface of the substrate. Al-
ternatively, the can be performed in a step-by-step fashion and carried out se-
quentially by exposing the substrate to dilute-solutions of metal salt (for SBU 
formation) and linkers in an alternating fashion, normally with washing steps 
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in between. This procedure allows the film to be built one layer at a time, 
allowing the film thickness to be controlled by the number of growth cycles. 
This growth method is otherwise known as liquid-phase epitaxy.174, 175   

Another methodology to grow orientated SURMOFs is the vapour assisted 
conversion (VAC). This method is based on the conversion of a droplet of a 
MOF precursors solution into a crystalline film by exposure to a vapour of 
specific composition at moderate temperatures. Using this method, the thick-
ness of the MOF film can be controlled via the droplet volume on the surface 
of substrate (Figure 5.9.).176 

 
Figure 5.9. Schematic representation of the vapor-assisted conversion process for the fabrica-
tion of oriented MOF films of controlled thickness. This image was adapted from an image 
reprinted with permission from the Journal of the American Chemical Society. E. Virmani et al 
/ J. Am. Chem. Soc. 2018, 140, 4812 − 4819.  

5.6.1 Characterisation of SURMOF on Au 
While the solvothermal growth of III on FTO and ITO substrates was not 
successful, III could be grown on a bare gold surface (III@Au) by VAC.176 
Using this method, continuous films with high coverage were obtained. The 
VAC MOF synthesis was tested using different temperatures and film for-
mation times, all of which provided excellent surface coverage, with the reac-
tion time not affecting the overall quality of the film to any significant degree.  

The results of changing the conditions for III@Au formation were examined 
using XRD and SEM. In all VAC examples, a prominent peak can be observed 
in the PXRD at 2θ = 3.3°, with the PXRD pattern of the Au substrate being 
suppressed in all instances. Curiously, reflection at 3.3° is not observed in the 
PXRDs of any of the bulk materials, the reason for which is still under inves-
tigation. One explanation could be that MOF III is grown in a specific orien-
tation that gives rise to the observed reflection at 3.3° and disfavours the re-
flections observed for the randomly orientated power of the bulk material 
(Figure 5.10.).  
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Analysis of the III@Au plates by SEM revealed films with good coverage 
and an average film thickness of around 150-170 nm (Figure 5.11). Cross-
section imaging of the film shows crystals that each possess an octahedral 
morphology measuring approximately 250 to 260 nm in length. Energy dis-
persive X-ray spectroscopy (EDX) of the thin film yielded a Zr6:Ru ratio of 
2:3. The atomic concentration of the sample also shows that the Zr6:Ru ratio 
on the surface of the films to be (Zr/Ru): 698.477 : 1139.714, resulting in a 
(Zr/Ru) 0.38 : 0.62 ratio in the bulk sample. When comparing the XPS of the 
different SURMOF films on the gold substrates, they display an identical XPS 
spectra, with Zr : Ru ratios of 0.38 : 0.62, which indicates that there is little 
variation in surface composition of the film, regardless whether the MOF syn-
thesis was done in bulk or on a surface. (see ESI paper III).  

The stability of III@Au upon an applied oxidative potential, and its electro-
chemical properties were assessed by CV in aqueous 0.5 M KNO3 solution as 
supporting electrolyte. A 30-scan experiment showed only a minor decrease 
in current density, suggesting a stable construct (see Figure 5.12. right). Fur-
ther experiments in phbs electrolyte solutions at different pH values confirmed 
this initial observation, and the films appeared stable at pH 6, 7 and 8, without 
signs of delamination.   

 
Figure 5.10. XRD of III@Au, (2θ) from different VAC preparations: 80°C for 3 hours (black 
trace), 80°C for 18 hours (red trace), 100°C for 3 hours (blue trace) and 100°C for 18 hours 
(green trace). All  materials exhibit a major diffraction at 3.3 (2θ) and a minor one at 5.7 (2θ) in 
the red and green traces. Blank Au substrate (purple) exhibits reflections at 13.3, 19.9 and 23.2 
(2θ).  The gold substrate is not visible on the MOF films due to complete coverage of the substrate. 
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Figure 5.11. SEM images of III@Au, with film thicknesses of around 150 – 170 nm. Each 
sample had complete surface coverage on the film, with each particle being approximately 250 
– 260 nm in length. 

The CVs showed a Ru(IV/III) couple at a formal E1/2 of 1.09 V, albeit with a large  
peak-to-peak separation for this redox couple of 443 mV. A blank gold elec-
trode showed redox couples at E1/2 = 0.57 V and E1/2 = 1.14 V, which demon-
strates that these MOF films are distinct from the electrochemical redox cou-
ples produced by the gold substrate (see Figure 5.12. left).  As the Zr(IV) centres 
have a d0 electron configuration and are redox-inactive, the Faradaic response 
in the CV’s can only be attributed to the redox active linker complex.  

The integrity of the film as well as the topology of the MOF is maintained 
during the CV experiments, as evidenced by unchanged  PXRD patterns be-
fore and after CV cycling. SEM images taken after CV measurement also 
show that the integrity of the MOF film remains largely intact under these 
conditions, which demonstrates the robust nature of these films as the MOF is 
strongly adhered to the surface. Replacing the III@Au working electrode with 
a glassy carbon electrode gives rise to CVs without any Faradaic features.  

This rinse test further confirms the stability of the MOF, and the absence of 
catalyst leaching into the electrolyte. In order to have a direct comparison be-
tween other Ru-bda type of complexes in the literature, the electrochemical 
characterisation was repeated in 0.1 M TFA solution. A small initial loss of 
current is observed, but no catalytic wave is observed under these conditions 
(Figure 5.13).  
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Figure 5.12. Left, CV comparison between III@Au vs blank Au bolt. Right, Stability testing of 
the III@Au conducted in 0.5 M pH 7 phbs as a supporting electrolyte in water. The films were 
evaluated over 30 scans in a single compartment, three-electrode setup. 0.5cm2 the III@Au 
working electrode, GC counter electrode and Ag/AgCl reference. 

These initial scans show a Ru(III/II) and a Ru(IV/III) couple at 1.13 V and 1.28 V, 
respectively, with peak-to-peak separation of 453 mV and 339 mV respec-
tively. These values are significantly shifted compared to those of the homo-
geneous complex, which has redox couples of Ru(III/II) = 0.79 V and Ru(IV/III) = 
1.1 V under these conditions. Again, we ascribe these variations to altered 
environments around the catalysts linker in the MOF compared to the situation 
in solution phase. CVs at various scan rates show that the anodic response and 
the cathodic response is proportional to the square root of the scan rate (see 
ESI of paper III). SEM images taken after CV measurement show that the 
integrity of the MOF film remains largely intact, also when the CVs are con-
ducted in 0.1 M TFA solution, with only small amounts of weakly bound par-
ticles detached from the surface. 

 
Figure 5.13. CVs of III@Au thin-film (30 scans) in 0.1 M trifluoroacetic acid at 100 mV/s-1.  
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5.7 Diazonium Grafted SURMOF 
To exclude the possibility of gold interfering in the water oxidation, III was 
also grown on glassy carbon (GC) electrodes. As the direct growth of the 
framework on the bare glassy carbon substrate was not possible, a grafting 
procedure was explored first to functionalize the surface of the GC electrodes 
with phenylcarboxylates. The latter were envisaged to act as nucleation points 
for MOF growth. The carboxylates were introduced by a diazonium grafting 
strategy, using (4-carboxyphenyl)diazonium tetrafluoro borate as the starting 
material. Upon applied cathodic potentials, the diazonium salt is reduced and 
forms phenyl radical species which then react with the GC substrate to form a 
covalent bond (see Figure 5.14). 

Two CV scans were run from -0.4 V to -1.3 V, resulting in a broad cathodic 
wave centred around -1.06 V during the first cycle. Following multiple wash-
ing steps, the carboxylate-functionalized electrodes were used for the MOF 
synthesis, using the VAC method. The resulting MOF film was analysed by 
SEM and PXRD which confirmed the presence of the MOF film on the GC 
surface. The SEM shows particles of around 450 - 460 nm on the surface of a 
GC plate (Figure 5.15.). While the particles are thus somewhat larger than 
those in the III@Au samples, the PXRD exhibits a reflection around 3.29 – 
3.64, which is comparable to that observed in the III@Au (Figure 5.16). The 
PXRD of III@GC is however rather broad, the reason for which is currently 
unclear. As expected, the blank GC electrode gives a featureless XRD, prov-
ing that the observed reflection arises from the presence of the MOF.  

 

Figure 5.14. Scheme for the fabrication of diazonium modified glassy carbon electrode. 
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Figure 5.15. Representative SEM images of III on the surface of a GC plate, with a particle 
size of 450 - 460 nm.  

 

Figure 5.16. Powder X-Ray diffraction (PXRD) of III@GC, grown via vapour assisted conver-
sion (VAC) method on a benzoic acid functionalised GC substrate. diazonium grafting of ben-
zoic acid on the surface of glassy carbon at a 2000 mV/s-1 (2 scans) (black trace). III@GC 
2000 mV/s-1 (1.5 scan) thin film formation carried out at 100°C for three hours (red trace).  

The III@GC electrode were examined by CV in a 0.1 M phosphate buffer 
solution at a scan range of -0.2 V to 1.6 V at 100 mV/s-1. Upon increased 
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number of scans, a gradual increase in current density at the water oxidizing 
potential can be observed, which can only be attributed to the MOF film on 
the surface. (Figure. 5.17.).  

Unfortunately, clearly discernible waves that could be attributed to the Ru 
metallo-linker could not be observed at this scan rate. Increasing the scan rates 
up to 1000 mV/s resulted in the appearance of two waves, albeit hardly visible. 
The potentials of these two waves at 0.47 V and 0.69 V were assigned to the 
Ru(III/II) and Ru(IV/III) couples. The fact that these waves are more apparent at 
faster scan rates can be due to generally slow electron transport through the 
framework that gives rise to the effect that Faradaic processes are “smeared 
out” during the timescale of slow scan CV experiments.  

 

Figure 5.17. CVs of III@GC: 50 scans at 0.1 M phbs at 100 mV/s-1. Initial scan (black 
trace), scans 2 to 49 (light grey), 50th scan (blue trace). 

The capacity of III@GC as catalysts material for the electrochemical water 
oxidation reaction was evaluated in a CPE experiment in a gas-tight two com-
partment electrochemical cell. A Clarke-type electrode was placed into the 
working compartment in order to measure the generation of oxygen and cal-
culate the Faradaic efficiency of the III@GC.  

During the CPE, a potential of 1.45 V was applied for 46’ minutes, while ox-
ygen detection was continued for an additional 21 minutes to capture any ad-
ditional oxygen in solution. After 67’ minutes the generation of 0.178 µmols 
of O2, can be detected. The total charge that was passed through the cell was 
passed is 0.1864 C, which gives rise to a Faradaic efficiency of 37% (Figure 
5.18.). The low current density of around 0.14 mA/cm-2 under bulk electroly-
sis conditions demonstrates that the conductivity of the electrode is poor, 
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presumably due to the diazonium grafted layer also being insulating at the 
applied anodic potential.  

 

Figure 5.18. Oxygen evolution vs time of III@GC, monitored with a gas phase Clark electrode. 
Red line corresponds to the O2 measured from III@GC. Black line corresponds to the theoret-
ical level of O2 measured from the CPE. A Faradaic efficiency value of 37 % was calculated at 
67 minutes for III@GC in 0.1 M phbs.  

5.8 Water Oxidation Studies of Ru-bda MOF 
The performances of the homogeneous Ru complex II and its bulk MOF de-
rivative III as water oxidation catalysts were examined in experiments with 
chemical oxidants. Oxygen evolution was followed by either gas chromatog-
raphy or via an oxygen sensitive Clarke electrode. The durability of II and III 
as catalyst material was evaluated by repeated additions of 50 µL aliquots of 
0.05 M cerium ammonium nitrate (CAN) solutions in 0.5 M HNO3. In the case 
of III, each addition resulted in a marked increase in oxygen production, as 
detected by the Clark electrode.  

The behaviour of MOF III in the Clark electrode is characterised by a rise in 
the oxygen concentration, followed by a decrease in the oxygen concentration 
in solution. There are a number of possible explanations for this phenomenon, 
but one possibility is that reactions occur at the electrode, which consume ox-
ygen. One possibility that was explored was the oxidation of other ligands that 
lead to the production of carbon dioxide, but sampling of the headspace via 
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gas chromatography showed the absence of carbon dioxide. Therefore, other 
reactions must be taking place to account for the falling oxygen concentration 
in solution, such as the formation of peroxide, which wouldn’t be detected by 
the Clark electrode. With the subsequent additions of CAN, another effect can 
be observed. This is represented by the increased gradient of loss of the oxy-
gen concentration in solution, an effect typical of oxygen saturation in solution 
that results in bubble formation. 

In contrast, the free linker II exhibits much poorer water oxidation activity 
(Figure 5.19). In particular, complex II catalyses water oxidation only after 
addition of the first aliquot of CAN, and seems to have largely decomposed 
thereafter. The experiments on the homogeneous complex II are important for 
two reasons. First, the lack of O2 evolution after the second addition to II 
shows that CAN addition alone does not trigger O2 evolution, and that any O2 
that is detected is obtained by a process catalysed either by II or III. Second, 
the reference experiments on II shows that MOF incorporation of the linker 
greatly stabilises the structural integrity of the catalyst, giving rise to consid-
erably higher overall TONs as compared on the homogeneous reference. 

 

 Figure 5.19. Chemical oxidation, 50 µL of CAN (0.05 M), multiple additions. Left, II. Right, 
III. electrode. 

5.9 Conclusions 
MOF III was created using linker moieties that consist entirely of [RuII(2,2′-
bipyridine-6,6′-dicarboxylato)(4,4'-(pyridine-3,5-diyl)dibenzoic acid)2] (II). 
While the framework exhibits a high degree of stability and exhibits no sign 
of degradation upon application of a high constant potential, the PXRD of the 
crystals in bulk doesn’t provide much structural information. During the wash-
ing and drying stages, many of the smaller cavities inside the framework seem 
to collapse, resulting in loss of crystallinity and surface area which limits the 
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structural information that can be provided. Materials of the highest crystal-
linity are currently under investigation by electron diffraction techniques.  

Somewhat unexpectedly, complex II does not seem to be an active water 
oxidation catalyst in its own right under the acidic conditions that these types 
of catalysts usually are tested in. One potential explanation for this lack of 
activity may be that the rather bulky axial ligands on complex II prevent the 
formation of the dimeric species which is the prerequisite for water oxidation 
by a radical coupling mechanism. Additionally, dissociation of axial ligands 
or the inability to engage in stabilising stacking interactions may be further 
factors that impart the kinetics of water oxidation catalysed by II. The 
hydrophobicity of the axial pyridine ligands does not stabilize a pre-reactive 
catalyst dimer which is known to improve catalytic water oxidation activity.177 

When considering III, the metallo-linkers are immobilised and structurally 
isolated, thus unable to form a [RuIV‒ȮꞏꞏꞏȮ‒RuIV] seven-coordinate Ru(IV) 
dimer that is required for the canonical I2P radical coupling pathway.25 178 
consequently, water oxidation in this case will proceeed by a water 
nucleophillic attack mechanism, which has precedence for the Ru-bda family 
of complexes under certain conditions.179  

A notable example of a Ru-bda type of complex that operates by a water 
nucleophillic attack is one that is incorporated in a supramolecular 
macrocycle.180 In this case, the macrocycle creates a cooperative effect 
between the individual Ru-bda centres and vicinal water molecules by 
facilitating proton abstraction of the latter.181, 182 Another example of a Ru-bda 
type of complex that engages in water nucleophilic attack is in a supramolcular 
coordination oligomer that anchors on multiwall carbon nanotubes  through 
CH-π interactions.62 

In summary, even though the electrochemical water oxidation experiments on 
bulk MOF III and its different SURMOF versions were not impressive, the 
chemical oxidation experiments with CAN were encouraging. Compared to 
the homogenous II, MOF incorporation led to a substantial inprovement of 
the structural stability of the catalyst. As a consequence, multiple CAN 
addition cycles could be performed, and catalysis persisted for a considerable 
amount of time, compared to the situation in the homogenous linker where 
decomposition had already occurred after the first CAN addition. 
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6 Carbanion Ruthenium Complexes for 
Water Oxidation (Paper IV) 

In this chapter, we present a cyclometalated carbanion ruthenium coordination 
oligomer based on a pentadentate ligand platform  [RuIII(dpa)(py)2] (dpa = ((5-
methyl-1,3-phenylene)bis(pyridine-6,2-diyl))bis(phosphonic acid); (py = 4,4'-
bipyridine). The complex and the corresponding coordination oligomer was 
synthesised and fully characterised. This molecular system was specifically 
designed to utilise an octahedral coordination environment around the Ru cen-
tre, with dangling phosphonate groups to modulate its electrochemical prop-
erties and second coordination sphere effects. In-depth electrochemical stud-
ies of both the complex and coordination oligomer show significant stability 
at high applied potentials and over a wide pH range. Most importantly, oligo-
meric molecular catalysts are easily anchored on graphitic surfaces, generat-
ing powerful and robust molecular anodic hybrid materials for electrocatalytic 
water oxidation. 

6.1 Introduction  
The Flexible Adaptative Multidentate Equatorial (FAME) ligand H2tda-, 
which was developed by Llobet, is utilised in the best performing WOCs 
known to date. The FAME ligand allows fast catalytic rates as it can adapt to 
the electronic demands of the multiple oxidation states of Ru, and exert bene-
ficial hydrogen bonding interactions.29, 183  

While previous works on water oxidation catalysts focused on carboxylate 
containing FAME ligands, current focus has been extended to previously un-
explored phosphonates. These are of interest as the phosphonate group con-
tains three O atoms in a tetrahedral geometry, one of which being coordinated 
to a metal, while the remaining oxygen atoms may be protonated or deproto-
nated, depending on the pH. The phosphonate group  can potentially act as a 
proton shuttle, moving protons in and out of the catalytic site, potentially low-
ering activation barriers in PCET processes, particularly the O-O rate deter-
mining step.184-187 
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Building upon the success of the FAME ligand used in the Ru-tda family of 
water oxidation complexes, the carboxylate groups were replaced with phos-
phonates to synthesise 2,2′:6′,2′′-terpyridine-6,6′′-diphosphonic acid (H4tPa), 
which were used to produce a new water oxidation complex. The diphospho-
nate ligand possesses the flexibility to coordinate and decoordinate from the 
metal centre, to influence second coordination sphere effects, and to promote 
remote PCET processes.187 This strategy of substituting carboxylate groups 
with phosphonates does improve the kinetic and catalytic properties. How-
ever, it does not significantly reduce the potential of the Ru(V)=O formation, 
the species responsible to trigger the water oxidation reaction. 

An alternative strategy to overcome the high kinetic barrier is through the in-
troduction of higher electron density at the equatorial ligand to lower the oxi-
dation potentials of the complex. This reasoning motivates the study of car-
banion ruthenium complexes for water oxidation, as it was postulated that 
complexes that contain a negatively charged ligands stabilise higher oxidation 
states due to strong σ-bond donation through the metal-carbon bond. Such 
complexes were  previously synthesised and studied by Vereshchuk.188 

The electrochemical analysis of these carbanion complexes showed a cathodic 
shift of the redox potentials up to 0.73 V upon coordination of the π-extended 
carbanionic donor sets as compared to the related [RuII(tda)(py)2] and 
[RuII(H2tPa)(py)2] complexes. The replacement of one pyridine in the terpyr-
idine by a phenyl group promotes the formation of a stable cyclometalated 
ring and renders the resulting ruthenium complexes inert and stable, but at the 
expense that it hinders the formation of the highly oxidised state Ru(V)=O state. 
Despite the unsuccessful attempt at obtaining water oxidation catalysts using 
the [RuIII(Xpda)(py)2] motif factors that influence the electronic properties of 
the complexes such as pKa and redox potentials were uncovered. Most im-
portantly, the idea to decrease the overpotential for catalysis by cyclometalla-
tion persisted.  

Another interesting possibility to lower the activation barriers and to stabilise 
intermediates, is to use supramolecular interactions, which has been reported 
for the [RuII(tda)(py)2] family of complexes.61 One pertinent example is the 
case of Ru-tda type coordination oligomers, other neighbouring oligomer 
strands interact through hydrogen bonding with water molecules. As a result 
the strength of interactions between the intramolecular carboxylate coordina-
tion and the Ru–aqua formation that is responsible for the activity of the com-
plex is altered. These strategies were applied in this work, and allowed an 
otherwise stable, and inert ruthenium complex to be integrated into a coordi-
nation oligomer which could be activated for molecular water oxidation catal-
ysis.  
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6.2 Synthesis  
The FAME ligand was synthesised in a five-step process, starting from 2-bro-
mopyridine, which undergoes a lithium-halogen exchange and transmeta-
lation with tributyltin chloride to form the Stille reagent 2-(tribu-
tylstannyl)pyridine. The latter compound undergoes a Stille cross-coupling 
with 3,5-dibromotoluene to yield 2,2'-(5-methyl-1,3-phenylene)dipyridine. 
An N-oxidation strategy is used to carry out a Michaelis-Arbuzov reaction, in 
order to synthesise the phosphine diethylester, followed by removal of the es-
ter using bromotrimethyl silane to yield ((5-methyl-1,3-phenylene)bis(pyri-
dine-6,2-diyl))bis(phosphonic acid), which is used as the equatorial ligand 
(Figure 6.1.).  

 

Figure 6.1. Reaction scheme for the synthesis of the equatorial ligand ((5-methyl-1,3-phe-
nylene)bis(pyridine-6,2-diyl))bis(phosphonic acid).  

With the equatorial ligand in hand, the Ru complex was prepared in a stepwise 
procedure by first coordinating the 1,3-phenylene-bis(pyridine-6,2-
diyl)bisphosphonic acid to the Ru(dmso)4Cl2 precursor. Following the coordi-
nation of the equatorial ligand, a large excess of 4,4-bipryidine (10 equiva-
lents) was added, und the resulting solution heated to reflux for three days. 
After solvent removal and several washing steps Ru(dpa)(4,4’-bipyridine)2, 
abbreviated as IV, was obtained as a red solid in 27 % yield (see Figure 6.2.). 
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Figure 6.2. Scheme for the synthesis of [RuIII((5-Methyl-1,3-Phenylene)Bis(Pyridine-6,2-
Diyl))Bis(Phosphonic Acid)(4,4’-Biprydine)2] (IV). 

Formation of the coordination oligomer can be controlled by changing the solvent 
conditions and the ratio between 4,4’-bipyridine and [RuIII(dpa)(4,4’-bipyridine)2], 
which precipitates from the reaction mixture during refluxing 5 days. The oligomer, 
hereafter abbreviated as n, was collected and purified via washing with DCM and 
DCM/MeOH (see Figure 6.3.).  

 

Figure 6.3. Scheme for the synthesis of [RuIII((5-Methyl-1,3-Phenylene)Bis(Pyridine-6,2-
Diyl))Bis(Phosphonic Acid)(4,4’-Biprydine)2]n (n). 
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Solutions of oligomer n in TFA are dark yellow, and exhibit a strong affinity 
for graphitic surfaces. Introducing this solution to a suspension containing 
MWCNT in THF at room temperature, leads to a decolourisation of the solu-
tion after a short period of time, indicating absorption of n onto the MWCNT 
and formation of a molecular hybrid material n@MWCNT (see Figure 6.4.). 
Suspensions of n@MWCNT can be drop-casted on the surface of a GC elec-
trode for electrochemical characterisation. 

 

Figure 6.4. Schematic diagram for the preparation of n@MWCNT electrode.  

6.3 Characterisation of Monomer and Oligomer 
It’s important to highlight that IV was isolated in the Ru(III) oxidation state, as 
confirmed by NMR spectroscopy. The addition of an excess amount of sodium 
ascorbate as a reducing agent, typically used to reduce Ru(III) species to their 
Ru(II) derivatives, did not improve the NMR response. This can be explained 
by the relatively low reduction potential of sodium ascorbate, in analogy to an 
observation by Vereshchuk et al on [RuIII(Xpda)(py)2] type complexes.188 The 
same paramagnetic nature of the complex was observed in the oligomeric n, 
making the molecular complex and the coordination oligomer impossible to 
characterize by NMR spectroscopy.   

Complex IV could however be characterised by HR-MS, which showed a 
mass of m/z = 816.0594, which corresponds to the calculated molecular mass 
of the desired complex (Figure 6.5.).  
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Figure 6.5. Accurate mass of (IV). 

Monomeric complex IV and oligomer n were characterised and compared us-
ing electron paramagnetic resonance (EPR) spectroscopy (see Figure 6.6). So-
lutions of  IV and n in TFE exhibited features between 2500-4000 G. The 
monomer species shows three features at 2680, 2953 and 3029 G, along with 
hyperfine features visible at 3279 – 3400 G. The EPR-spectrum of IV can be 
simulated with two overlapping EPR-signals.  

The first signal (Ru1) was simulated with g-values of 2.494, 2.24, and 1.735 
and using an anisotropic H-strain of 500, 370, and 900 MHz to simulate the 
observed line-broadening. The second signal (Ru2) was simulated with g-val-
ues of 2.268, 2.183, and 1.93 and using an isotropic H-strain of 160 MHz for 
the line-broadening. This finding is a consequence of the dynamic equilibrium 
of the equatorial ligand, which is observable at low temperatures. 

UV-VIS spectra of IV and n are very similar, as expected, and show intense 
absorption bands between 270 nm – 440 nm. These absorptions are assigned  
to π-π* transitions on the ligand, and less intense MLCT transitions in the 
visible region (Figure 6.7). The increased absorption around 400 nm is at-
tributed to the higher degree of conjugation in the oligomer n.  
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Figure 6.6. EPR spectrum of a solution of IV (red trace) and n (purple trace) in pure TFE. 

 
Figure 6.7. UV-VIS absorption spectrum of a solution of IV and n in pure TFE. 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectros-
copy (EDX) was used to observe the morphology of oligomer n and the dis-
tribution of elements inside of the particles (see Figure 6.8). 
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Figure 6.8. SEM and EDX of oligomer (n). 

X-ray absorption near edge (XANES) and extended X-ray absorption fine 
structure (EXAFS) spectroscopy was used to characterise the electronic and 
structural properties of the oligomer (Figure 6.9 and Table 3 and 4). Half-edge 
energies obtained from XANES were consistent with the oxidation state as-
signments, and the parameters obtained by EXAFS. A list of the bond dis-
tances extracted from EXAFS analysis and obtained within the first coordina-
tion shell is shown in Table 3. 

Analysis of the EXAFS spectra of the bulk powder of n, which possesses an 
oxidation state +3 could be fitted with 2 Ru-N/C distances at 1.90 Å and 4 Ru-
N/O distances at 2.07 Å. The pre-activated oligomer n on the MWCNT also 
contained 100 % Ru(III) species on the surface, with 2 Ru-N/C distances at 1.89 
Å and 4 Ru-N/O distances at 2.11 Å. The activated oligomer (n'(H2O), see 
below) exhibited two oxidation states, determined to be 62.5 % Ru(III) and 37.5 
% Ru(IV), with 2 Ru-N/C distances at 1.95 Å and 4 Ru-N/O distances at 2.11 
Å. 

XAS spectroscopy showed the absence of any traces of RuO2 after activation. 
This can be monitored by the absence of RuO2 EXAFS spectral features. This 
is significant since it clearly demonstrates the molecular nature of the catalyst 
in heterogeneous phase, in sharp contrast with many instances where the orig-
inal molecular catalyst is transformed to the corresponding metal oxide that 
ends up being the active catalyst. 
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Figure 6.9. A, Normalized Ru K-edge XANES for Rubda-1D complex from 62(black), n bulk powder (red), 
n@MWCNT (blue), n’(H2O)@MWCNT (magenta), together with RuIIItda reference complex 
from 31 (green) and RuO2 (brown). Inset. Plot of half peak k-edge energy vs. oxidation state. 
B. Fourier transform of k2-weighted) of n bulk powder (red), n@MWCNT (blue), 
n’(H2O)@MWCNT (magenta) and RuO2 (brown). C, Back Fourier transformed experimental 
(solid lines) and fitted (dashed lines) k2[χ(k)] of Ru complexes together with RuO2(brown). Ex-
perimental spectra were calculated for k values of 2-12 Å-1.  

Table 3. Summary of bond distances (Å). 

Sample Bond distances (Å) 
Rubpa solid (n) Ru-N/C,2: 1.90 

Ru-N/O,4: 2.07 
Ru(dpa) pre-activated on 
MWCNT (n@MWCNT) 

Ru-N/C,2: 1.89 

Ru-N/O,4: 2.11 
Ru(dpa) activated on MWCNT 

(n’(H2O)@MWCNT) 

Ru-N/C,2: 1.95 

Ru-N/O: 2.11 
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Table 4. Comparison of XANES energies for all Ru complexes. 

AFM micrographs in Figure 6.10 show the coordination oligomer n stacked 
on the surface of MWCNT, with the overall length of the oligomer being de-
termined to 27.1 – 28 nm. The oligomers appear as thin rod-like shapes on the 
surface of the multi-wall carbon nanotubes. XPS is used to confirm the pres-
ence of n on the surface of the multi-wall carbon nanotubes, as the nitrogen, 
oxygen and phosphorus spectra are diagnostic for the coordination oligomer. 

 

Figure 6.10. AFM of coordination oligomer stacked on the surface of multi-wall carbon nano-
tubes.  

Sample Energy at Nor-
malized Fluo-
rescence 0.6 

(eV) 

Percentage 
Presence of 
Ru(II),Ru(III) 
and Ru(IV) 

Oxidation 
State 

Ru(0) 22123.7 - 0 
RuIII(tda)L from Matheu et al.31 22129.1 100 % Ru(III) 3 

RuO2 22130.7 100 % Ru(IV) 4 
1D-Ru(bda) powder from62 22127.5 100 % Ru(II) 2 

Ru(dpa) powder (n) 22129.1 100 % Ru(III) 3 
Ru(dpa) pre-activated on 
MWCNT (n@MWCNT) 

22129.1 100 % Ru(III) 3 

Ru(dpa) activated on MWCNT 
(n’(H2O)@MWCNT) 

22129.7 62.5 Ru(III) + 
37.5 % Ru 

(IV) 

3.38 
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6.4 Electrochemical Properties of IV  
The CV of IV features a reversible redox couple at E1/2 = 0.08 V, assigned to 
the Ru(III/II) couple, followed by a highly irreversible process with an anodic 
peak potential of 0.44 V that is assigned to the Ru(IV/III) couple (Figure 6.11, 
left.). Successive scans of up to 1.6 V show no water oxidation or transfor-
mation into the active catalyst (see Figure 6.11, right). Furthermore, the sec-
ond redox couple of IV exhibited scan rate dependency, in which the returning 
wave of the Ru(IV/III) would disappear at high scan rates. 

Interestingly, even after applying a constant potential of 1.35 V for 18 hours 
at pH 7 promoted an observable change in the CV. From these studies, it can 
be concluded that IV is a highly stable species, but unfortunately inert as a 
catalyst when subjected to rigorous oxidative conditions.  

 

Figure 6.11. Left, CV of IV conducted at pH 7 in 0.1 M phosphate buffer solution. Scan range 
of up to 1.4 V (black trace), Scan range of up to 0. 25 V (red trace). Right, CV at a potential of 
-0.4 – 1.6 V at 100 mV/s-1. Blank GC electrode (grey trace), Initial scan (black trace), 50th scan 
(blue trace). 

6.5 Coordination Oligomer Electrochemistry 
The procedure described in Figure 6.4 allows the species on the surface of a 
glassy carbon electrode to be readily investigated using electrochemical tech-
niques. The CV of n@MWCNT@GC featured two reversible waves at E1/2 

= 0.07 V and  0.44 V that were assigned to the Ru(III/II) and Ru(IV/III) couples, 
respectively. Especially the reversibility of the second oxidation is different 
from the initial electrochemical behaviour of the homogenous complex IV.  
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6.5.1 Surface-Promoted Transformation of Coordination 
Oligomer 

The surface-promoted transformation of n@MWCNT@GC was analysed us-
ing 50 repetitive CV scans. At a potential range between -0.4 V and 1.4 V 
(100 mV/s in 0.1 M pH 7 phbs), no transformation of n@MWCNT@GC was 
observed. Upon extending the potential range to 1.6 V (Figure 6.12.), each 
successive scan gives rise to an increased current response of the catalytic 
wave at Eonset = 1.19 V. At the same time,  the intensity of the initial redox 
couples decreased, while new redox processes emerged. This is a clear indi-
cation that the initial species is being transformed into a new catalytically ac-
tive species, which is designated as n’(H2O)@MWCNT hereafter.  

 

Figure 6.12. CV of n@MWCNT conducted in pH 7 in 0.1 M phosphate buffer solution. Blank 
GC electrode (black trace), n@MWCNT initial scan (blue trace), n’(H2O)@MWCNT species 
generated after 50th scan of CV experiment (red trace).  Insert: DPV of coordination polymer 
before and after 50 CV cycle. Initial electrode (red trace) and activated electrode (black trace). 

After 50 successive CV scans, the initial species and the new species can both 
be observed.  The new set of redox processes can be observed at E1/2 = 0.53 V 
(60 mV, Ru(III/II)) and E1/2 = 0.74 V (116 mV, Ru(IV/III)). The changes between 
the initial and activated electrode are clearly observed in the DPV (Figure 
6.12). The redox potentials of the couples for the initial species 
n@MWCNT@GC and the catalytically active species n’(H2O)@MWCNT 
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were analysed as a function of pH (between 2-10), and Pourbaix diagrams of 
the activated electrodes were constructed (Figure 6.13.).   

The redox couples associated with the initial electrode and the “activated” 
electrode are pH-dependent, which is expected due to the presence of the dan-
gling phosphonate groups, which can protonate and deprotonate, depending 
on the pH. In addition, water that is coordinated to the Ru centre can be depro-
tonated, especially when going to higher oxidation states. In aqueous solution, 
oxidation states of II – V are accessible over a narrow potential range. The 
species lines were drawn according to the Nernst equation with slopes of -59 
and -126 mV/pH unit.  

Figure 6.13. Pourbaix diagram of oligomer (n). The redox potentials are plotted as a function 
of pH; the oxidation state is indicated as well as the degree of protonation of the aqua species. 
The dashed vertical lines indicate the pKa of the species involved. Left, n@MWCNT@GC elec-
trode prior to activation. Right, n’(H2O)@MWCNT@GC activated electrode. 

A mechanism for activation of the pre-catalyst and a catalytic cycle is pro-
posed in Figures 6.14. and Figure 6.15, respectively. Examination of the Pour-
baix diagram reveals the presence of one aqua species, consistent with the 
situation in other ruthenium catalysts with sequential PCET steps.29 However, 
the mechanistic proposal for the transformation of the pre-catalyst to the active 
Ru-aqua complex was markedly different, and could not be proposed in anal-
ogy to those of the Ru-tda family. Instead, an irreversible, permanent and high 
energy transformation of the initial species has to be invoked. This is because 
the simple addition of water onto a Ru(IV) species, as observed in the Ru-tda 
type molecular complexes, was inconsistent with what is observed in the Pour-
baix diagram of the active catalyst. 

Therefore, an activation mechanism and a catalytic cycle are proposed in anal-
ogy to the work by Vereshchuk et al187 on [RuII(H4tPa)(Py)2]. The latter com-
plex contains a terpyridine-based equatorial ligand, but is otherwise structur-
ally identical, in particular in terms of the phosphonate groups that can 
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coordinate to the Ru centre. As shown in Figure 6.14, [RuII(H2dpa-κ-
N2C)(py)2], 1, is converted to [RuIII(Hdpa-κ-N2C)(py)2], 2, via a PCET at an 
applied potential of 0.1 V, followed by another PCET step at 0.43 V to form 
[RuIV(dpa-κ-N2C)(py)2], 3. At higher potential, a transformation on the equa-
torial ligand must occur to start the catalytic cycle. Higher electron density on 
the complex due to the presence of the carbanion allows dissociation of a pyr-
idine and a phosphonate groups, followed by addition of water, protonation of 
phosphonate and loss of proton, to form intermediate [RuIV(O-Hdpa-κ-
NC)(py)2], 4, followed by a PCET to form [RuV(O-dpa-κ-NC)(py)2] 5. A per-
manent transformation of the catalyst is proposed in analogy to the work by 
Vereshchuk et al.187 When decoordinated, the pyridine ligand can rotate to 
expose its 3-position to the high-valent Ru(V)-oxo species which can easily 
oxidise the pyridine ring to form [RuII(O-dpa-κ-NC)(py)2], 6.  

In Figure 6.15, a proposition of the catalytic cycle is presented. It starts with 
the addition of water onto species 6, followed by a PCET step to form the Ru-
aqua species [RuIV-OH(O-dpa-κ-NC)(py)2], 7, followed by a further PCET 
step to form [RuV=O(O-dpa-κ-NC)(py)2], 8. The Ru-hydroperoxyl species is 
formed by a nucleophilic attack of water onto the Ru(V)-oxo state to create the 
O-O bond and protonation of the phosphonate, leading to [RuIII-O-OH(O-
Hdpa-κ-NC)(py)2], 9. Finally, the catalytic cycle is completed via a final 
PCET step to give intermediate [RuIV-O-O(O-Hdpa-κ-NC)(py)2] 10, loss of 
oxygen [RuII(O-Hdpa-κ-NC)(py)2], 11, followed by a final PCET step to re-
generate [RuII(O-dpa-κ-NC)(py)2], 6. 

 

Figure 6.14. Activation of the electrode by the electrochemical conversion of 
n@MWCNT@GC to n’(H2O)@MWCNT@GC via ligand oxidation and coordination of aqua 

ligands on the ruthenium complexes. 
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Figure 6.15. Proposed catalytic cycle of n’(H2O)@MWCNT@GC.  

6.5.2 Performance of n’(H2O)@MWCNT as a Molecular 
Water Oxidation Anode 

The electrocatalytic performance of n’(H2O)@MWCNT electrodes was ki-
netically characterised using foot-of-the-wave analysis (FOWA) of the active 
species (after 50 CV cycles), giving a TOFmax value of 3000 s-1 (see Figure 
6.16).  

The electroactive surface coverage of the pre-activated oligomer on a vitreous 
GC plate (0.5 cm2) was determined from the integrated current response to be 
ΓInitial = 6.21 nmol/cm2. During CV 50 cycles, the initial species has com-
pletely converted to the new catalytically active species, with the surface con-
centration of the new species having a surface coverage of ΓScans = 5.33 
nmol/cm2. This number is very similar to the one of the pre-activated state, 
pointing towards little loss of material from the electrode during the activation 
step. In both cases, the active surface coverage was calculated using equations 
3 and 4. The active species on the surface of the electrode subsequently 
reaches current densities in the range of 5.23 mA/cm2 at an applied potential 
of 1.4 V in 1 M pH 7 phbs for 3200 seconds. 
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Figure 6.16. CV scan of the activated electrode at 100 mV/s-1. Inset: Foot of the wave analysis 
(FOWA) of n’(H2O)@MWCNT@GC. S = 0.071 cm2 I = 0.1 M pH = 7 

                                             =  ( ( ))                                                  Eq. 1 

                         𝑇𝑂𝐹 =  
⎝⎜
⎜⎜⎛  ⴄ

⎠⎟
⎟⎟⎞
                                  Eq. 2 

                                        𝛤 (𝑚𝑜𝑙 ∙ 𝑐𝑚 ) =  ∙ ∙                     Eq. 3 

                                      𝑄 =   /    /                       Eq. 4 

Equations 5 and 6 give rise to a TOF of 2.16 × 103 s-1 and a TON of  6.92 × 
106.189   

                          𝑇𝑂𝐹 =  (  ) 𝐹𝐸 = 2161.09 𝑠                      Eq. 5 

                               𝑇𝑂𝑁 = 𝑇𝑂𝐹 𝑡 = 6.92 10                                   Eq. 6 



 

 106 

where, i = current (0.002615 A), S = surface area of the electrode (0.5 cm2), 
Γ = surface coverage of catalyst (5.33 nmol/cm2), F = Faraday constant (96485 
s*A/mol), n = number of electrons (4e-), t = time carrying out bulk electrolysis 
(3200 s) and FE = faradaic efficiency of water oxidation (0.85).   The surface 
coverage, as depicted in Figure 6.17. was also calculated.  

                                       𝑆 @  =  ∙ ∙ ∙ ∙                     Eq. 7 

                  𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (%) @  =  @ 𝑥 100 =  73.2 %        Eq. 8 

Γ = 5.33 x 10-9 mol cm-2 is calculated according to Equations 3 and 4 (See 
Figure 6.18). The surface coverage (Scoverage) is calculated using formula 7, 
where NA is the Avogadro’s number (6.023 x 1023) nRu is the number of Ru 
units per oligomer. The number of monomeric units in the oligomer was esti-
mated from the chain length determined by AFM (L = 27.1 nm) and the known 
Ru-Ru and 4,4’-bipyridine bond distances of other coordination oligomers re-
ported in the literature. The values that were used for calculating the number 
of monomer units were Ru-Ru distances of 1.14 nm and a 4,4’-bipyridine 
length of 0.92 nm.  

This analysis gave a rough estimate of 23 monomers for each strand of oligo-
mer (1.14 nm × 23)+ 0.92 nm = 27.14 nm). With this estimate, the surface 
area of the oligomer was calculated with the approximate rectangle generated 
by, S12 = [(1.14  x 10-9  x 23) x 1 x 10-9] = 26.22 nm2 or 2.622 x 10-17 m2.  This 
implies a surface of 3.66 x 10-5 m2 (Size of n is approx. 23 units long, or 2.622 
x 10-17 m2/molecule) or 0.366 cm2. Since the surface of the GC electrode is 0.5 
cm2 this analysis gives a surface coverage of 73%, based on the geometric 
surface area of the electrode. This number should however not be confused 
with a surface coverage of the MWCNTs, which give rise to a considerably 
higher internal surface area which will greatly dilute the surface coverage.  

Figure 6.17. Drawing of n with key metric parameters. 
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Figure 6.18. CV of n@MWCNT@GC which gives rise to an initial active surface concentration 
of 6.21 nmol/cm

2
, and n’(H2O)@MWCNT@GC which gave a surface concentration of 5.33 

nmol/cm
2
. Highlighted regions show the areas employed for calculating the charge (Q).  

6.5.3 Oxygen Evolution of n’(H2O)@MWCNT  
The current observed during controlled potential electrolysis was stable over 
3200 seconds, and an evaluation of the anode by CV during electrolysis 
showed the absence of any new features that could be attributed to any new 
redox active species. The Faradaic efficiency of the oxygen evolution in the 
CPE experiment was evaluated with a Clarke-type electrode placed into the 
headspace of the anode compartment.  

                                𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐹𝐸) =   (   )  𝑥 100               Eq. 9 

As shown in Figure 6.19., applying a constant potential of 1.4 V to the anode 
results in oxygen evolution. Over the timescale of 53 minutes, total oxygen 
concentration increases linearly, further supporting the notion that 
n’(H2O)@MWCNT is a durable catalyst. After electrolysis, a total of 18.451 
µmols of O2 were detected, while the total charge passed through the cell was 
8.37 C. Together, these two values give a Faradaic efficiency of 85%. 
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Figure 6.19. Left, CPE coupled to oxygen evolution measurement of n(H2O)@MWCNT@GC. 

(1.4 V vs. NHE in a 0.1 M phbf (pH 7) (red trace); theoretical O2 from the CPE (black trace). 
A Faradaic efficiency value of 85 % was calculated. Right: current density vs. time trace for 
the CPE of the oligomer over 3200 seconds. 

Catalytic Tafel plots were constructed to benchmark the catalytic activity of 
(n’(H2O)@MWCNT), and to compare it to related materials from the litera-
ture. For comparison, two oligomeric materials were used that differ in the 
equatorial ligands and the number of monomeric Ru units. The reference ma-
terials were [Ru(bda)(H2O)2(4,4’-bpy)10(4,4’-bpy)]62 and [Ru(tda)(H2O)(4,4’-
bpy)15(4,4’-bpy)].61 The constructed Tafel plots relate the TOF of the catalyst 
to the applied potential with respect to the standard potential of the reaction.120, 

121 The catalytic Tafel graphs were drawn by plotting TOF as a function of 
overpotential (ⴄ), following equations 1 and 2 in this chapter for the FOWA 
for the hetero-WNA mechanisms30.  

The catalytic Tafel plots enable rapid and facile comparison between different 
coordination oligomers, with each Tafel plot reflecting the distinctive features 
of the catalyst. TOFmax shows the apparent rate at which the curve reaches a 
plateau. This provided a comprehensive evaluation of the performance of the 
catalyst as a function of overpotential. The Tafel plot show Ru-bda oligomer 
[Ru(bda)(H2O)2(4,4’-bpy)10(4,4’-bpy)] does operate at a lower overpotential. 
However, at higher overpotential, both [Ru(bda)(H2O)2(4,4’-bpy)10(4,4’-bpy)] 
and [Ru(dpa)(H2O)(4,4’-bpy)n(4,4’-bpy)] (n’) reach a comparable perfor-
mance. However, [Ru(dpa)(H2O)(4,4’-bpy)n(4,4’-bpy)] has a similar catalytic 
profile as [Ru(tda)(H2O)(4,4’-bpy)15(4,4’-bpy)] (see Figure 6.20.).  
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Figure 6.20. Tafel plot of activated coordination oligomers in 0.1 M pH 7 phbf (S = 0.071 cm-

2). Tafel plot of carbanion coordination oligomer [Ru(dpa)(4,4’-bpy)]n(4,4’-bpy)] (black 
trace). Ru-bda coordination oligomer [Ru(bda)(4,4’-bpy)]10(4,4’-bpy)] (blue trace). Ru-tda co-
ordination oligomer [Ru(tda)(4,4’-bpy)]15(4,4’-bpy)] (red trace).  

6.6 Conclusion 
When the carbanion FAME complex is incorporated into a coordination oli-
gomer (n) and stacked onto the surface of MWCNTs, the oligomer can engage 
in an oxidative transformation to yield an active water oxidation catalyst. at 
present, the mechanistic proposal of its catalytic cycle is based on analogies 
to published interpretations of Pourbaix diagrams, and further study using 
computational methods are ongoing. Additionally, the exact reason why the 
activation is not observed in the monomeric complex IV is still unclear at pre-
sent. In the absence of any supramolecular interactions that assist in stabilising 
the proposed high energy intermediates, the equatorial ligand in IV may be 
more tightly bound to the metal centre, affecting its ability to irreversibly 
transform to the catalytically active state. 
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This work is another step in the development of durable electrochemical water 
oxidation catalysts. Most remarkably, unlike other previous examples of water 
oxidation coordination oligomers, monomeric IV is inactive towards water 
oxidation, but can be transformed into an active catalyst after incorporation 
into a molecular coordination oligomer. This represents an experimental con-
firmation that supramolecular interactions facilitate catalysis in complexes 
that are reported to be highly stable and inert, and opens up the scope of pos-
sible molecular complexes that can be used in electrocatalytic reactions. 
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7 Summary and Future Outlook  

This thesis summarises efforts toward solving synthetic difficulties associated 
with the development of functional MOF platforms. More specifically, this 
work is focused on the design of MOFs, where molecular water oxidation cat-
alyst linkers are incorporated via post-synthetic exchange, co-synthesis strat-
egies and direct solvothermal synthesis. MOFs can be synthetically challeng-
ing and require particular attention with respect to the functional molecule of 
interest, the target topology, and other factors. Different linker motifs may 
require different synthetic strategies for their incorporation into crystalline 
MOF materials. This issue was investigated in detail in Chapter 3 of this the-
sis, where the incorporation of Ru(tda)(py)2 water oxidation catalyst deriva-
tives was investigated using various synthetic strategies. During the course of 
the work, post-synthetic modifications were found to be the most effective 
methods for introducing a Ru(tda)-based ditopic linker into a UiO-type MOF. 
Final investigation of the final UiO-based Ru-MOF products indicated that 
linker incorporation had proceeded mostly by filling missing-linker defects 
instead of exchanging structural linkers. 

In chapter 4, a tetratopic version of the same Ru-tda molecular complex was 
used as a linker, and successfully incorporated with an inert co-linker to pro-
duce a mixed-linker version of NU-1000 using direct solvothermal synthesis. 
This mixed-linker MOF was characterised and its Faradaic efficiency for wa-
ter oxidation was assessed at an applied potential of 1.30 V vs. NHE. At this 
potential, the TBAPy co-linkers are oxidatively transformed, resulting in a low 
Faradaic efficiency for water oxidation of 37%. Despite the low Faradaic ef-
ficiency for water oxidation, the use of redox-active pyrene moieties to facil-
itate hole transport could be established as a novel strategy that is unprece-
dented for anodic processes. This opens up the possibility of further investi-
gation of other kinds of mixed-linker MOFs materials that engage in electro-
catalysis by using a more stable inert linker that does not undergo 
transformation at water oxidation potentials.  

These initial MOF studies used Ru-tda type of complexes, the dangling car-
boxylate of which interfered with the solvothermal synthesis of crystalline 
MOFs. This shortcoming could be eliminated when the catalyst motif was 
changed to Ru-bda type complexes. The resulting MOF reported in chapter 5 
is the first example of a MOF that is constructed exclusively from Ru-based 
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water oxidation catalyst linkers. MOF incorporation of the catalyst linker 
leads to a substantial improvement of the structural stability of the catalyst. 
As a consequence, multiple CAN addition cycles could be performed, and wa-
ter oxidation catalysis persisted for a considerable amount of time. 

Lastly, a novel ruthenium carbanion molecular complex was explored as water 
oxidation catalyst. Interestingly, the molecular complex itself failed as a water 
oxidation catalyst, but led us to incorporate it into a coordination oligomer. In 
this oligomeric form and immobilised on MWCNTs, the supramolecular in-
teraction between different strands of oligomer and the CH-π interactions with 
the nanotubes assisted in converting the pre-catalyst into an active catalyst. 
Water oxidation catalysed by the activated oligomer was observed at an ap-
plied potential of 1.4 V. Controlled potential electrolysis for one hour showed 
no sign of decomposition, and catalysis proceeded with a high Faradaic effi-
ciency of 85 %. Moreover, the system is unique in that an inert, stable molec-
ular complex can be turned into an active catalyst by incorporating it into a 
coordination oligomer. 

In summary, the work presented in this thesis furthers our understanding of 
functional MOF platforms. It addresses different synthetic strategies to dope 
MOFs with functional molecules, to develop multi-functional MOFs, and fur-
thers the scope of molecular complexes that can be used in electrocatalysis 
applications, by incorporating them into coordination oligomers. 

 



 

 113

Svensk Sammanfattning 

Antropologiskt drivna klimatförändringar är en global utmaning som kräver 
samhälleliga, tekniska och politiska åtgärder. Energiförbrukningen är den 
största källan till antropologiska utsläpp av växthusgaser, som stod för 76 % 
av de globala växthusutsläppen 2019. För närvarande kommer majoriteten av 
den producerade energin från förbränning av fossila bränslen. Följaktligen är 
att ersätta icke-förnybara fossila bränslen med förnybara energikällor den vik-
tigaste tekniska innovationen som är nödvändig för att minska utsläppen, öka 
energisäkerheten och skydda konsumenterna från de ständigt ökande kostna-
derna för energi som produceras från fossila bränslen. 

Vind och sol är förnybar energiteknik som är av kommersiell och statlig bety-
delse. Dessa källor producerar el som energibärare, men är också intermit-
tenta, vilket begränsar deras effektivitet när de används i stor skala. Detta är 
en viktig fråga när energiefterfrågan plötsligt ökar vid olika perioder på en 
dag, vilket kan leda till strömavbrott om tillgången på el är otillräcklig på 
grund av miljöfaktorer som vindstillstånd eller svagt ljus. Därför bedrivs yt-
terligare forskning om teknik som syftar till att lagra överskottsenergi för se-
nare användning när energibehovet ökar vid olika tidpunkter under en dag. 

Energi lagrad i kemiska bindningar har en energitäthet som är hundra gånger 
mer energität än energilagring som finns i batterier när dess massa normali-
seras i kilogram. Förutom bränslen kan elektroner användas för att driva andra 
kemiska produkter som används för andra kommersiella produkter. 

Även om potentialen för denna nya och störande teknik inte kan underskattas, 
är det ofta komplicerat att omvandla elektrisk energi till kemisk energi. Detta 
fält inom elektrokemi kallas ofta för elektrokatalys. Detta är ett viktigt forsk-
ningsfält inom sektorn för förnybar energi, eftersom målet är att använda 
elektroner för att driva kemiska reaktioner. Detta kräver studier av katalysato-
rer och reaktionsförhållanden för att styra högenergielektroner att utföra spe-
cifika reaktioner. 

För integrering i enheter måste dessa katalysatorer heterogeniseras på en yta. 
Dessa heterogeniserade elektroder för vattenoxidationskatalysatorer finns i 
två former, den ena är fastfas-nanopartikelbaserad och den andra är mole-
kylärbaserad, vilket är ämnet för denna avhandling. Molekylära katalysatorer 
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kan inkorporeras i en mängd olika heterogeniserade strukturer; såsom 3-di-
mensionella och porösa metallorganiska ramverk, där elektroner måste färdas 
genom materialet för att nå reaktionsställena för katalysatorerna. Ett annat al-
ternativ är molekylära katalysatorer, som staplas icke-kovalent på grafitiska 
ytor för att bilda molekylära hybridmaterial. Dessa elektroner reagerar med 
råmaterial, som är kända som substrat, som färdas inuti eller på ytan av dessa 
molekylära anoder och hittar en elektron. När denna process inträffar sker en 
reaktion och en ny produkt bildas. 

Denna avhandling beskriver integrering av molekylära katalysatorer i MOF 
och koordinationsoligomerer för att bilda molekylära anoder för vattenoxidat-
ion. Inom denna avhandling beskrivs direkta, samsyntes och indirekta tekniker 
för inkorporering av ruteniummolekylära vattenoxidationskatalysatorer i 
MOF:er och tunna filmer, vilka strukturella och laddningsöverföringsegen-
skaper är dessa MOF-material som beskrivs. Syntesen och användningen av 
molekylära koordinationsoligomerer för att inducera annars inerta molekylära 
katalysatorer att engagera sig i elektrokemisk vattenoxidation. 

Denna avhandling ger nya perspektiv på molekylär katalys inom MOF:er ge-
nom användning av indirekta, medierade elektron-/håltransportvägar för att 
oxidera avlägsna katalytiska centra för vattenoxidation. Detta arbete illustrerar 
också hur kraftfull inverkan supramolekylära interaktioner är, särskilt när det 
gäller att sänka aktiveringsbarriären för molekylär katalys. 
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Popular Science Summary 

Anthropologically driven climate change is a global challenge, which requires 
societal, technological and political action to address. Energy consumption is 
the biggest source of anthropological greenhouse gas emissions, which was 
responsible for 76 % of global greenhouse emissions in 2019. Currently, the 
majority of the energy produced is derived from the combustion of fossil fuels. 
Consequently, replacing non-renewable fossil fuels with renewable sources of 
energy is the key technological innovation that is necessary to reduce emis-
sions, increase energy security and insulate consumers from the ever-increas-
ing cost of energy produced from fossil fuels.  

Wind and solar are renewable energy technologies that are of commercial and 
governmental importance. These sources produce electricity as an energy car-
rier, but are also intermittent, which limits their effectiveness when used on a 
large scale. This is an important issue when energy demand suddenly spikes 
at different periods in a day, which could lead to power outages if supply of 
electricity is insufficient due to environmental factors such as no wind or low 
light conditions. Therefore, additional research is being carried out on tech-
nology aimed at storing surplus energy for later use when energy demand in-
creases at different points in a day. 

Energy stored in chemical bonds have an energy density that is more than one 
hundred times denser than energy storage found in batteries, when normalised 
by mass in kilograms. As well as fuels, electrons can be used to drive other 
chemical products that are used for other commercial products.  

While the potential of this new and disruptive technology cannot be under-
stated, converting electrical energy into chemical energy is often a compli-
cated process. This field within electrochemistry is often referred to as elec-
trocatalysis, which is an important field of research in the renewable energy 
sector, as the objective is to study catalysts to direct high-energy electrons to 
carry out specific reactions. 

For integration into devices, these catalysts must be heterogenised on a sur-
face. These heterogenised electrodes for water oxidation catalysts come in two 
forms, one is solid-phase nanoparticle based and the second is molecular 
based, which is the subject of this thesis. Molecular catalysts can be 
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incorporated into a variety of heterogenised structures; such as 3-dimensional 
and porous metal organic frameworks, where electrons must travel through 
the material to reach the reaction sites of the catalysts. Another option are 
molecular catalysts, which are non-covalently stacked onto graphitic surfaces 
to form molecular hybrid materials. These electrons react with raw materials, 
which are known as substrates, which travel inside or on the surface of these 
molecular anodes and find an electron. When this process occurs, a reaction 
occurs and a new product is formed.  

This thesis discusses integration of molecular catalysts into MOFs and coor-
dination oligomers to form molecular anodes for water oxidation. Within this 
thesis, direct, co-synthesis and indirect techniques for incorporation of ruthe-
nium molecular water oxidation catalysts into MOFs and thin films are de-
scribed. The synthesis and use of molecular coordination oligomers to induce 
otherwise inert molecular catalysts to engage in electrochemical water oxida-
tion are also described.  

This thesis provides new perspectives on molecular catalysis within MOFs 
through the use of indirect, mediated electron/hole transport pathways to oxi-
dise remote catalytic centres for water oxidation. Also, this work illustrates 
how powerful the influence supramolecular interactions are, especially when 
it comes to lowering the activation barrier of molecular catalysis. 
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