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ABSTRACT 
 

Fossil fuels are a critical component of the world’s current energy system and 
have sustained a 10-fold global population growth since the Industrial Revolution. 
However, the combustion of fossil fuels has negatively impacted the health of the 
environment and atmosphere. Artificial photosynthesis (AP) is a promising 
energy alternative to fossil fuels that can generate hydrogen gas as a fuel source 
from aqueous solutions with a catalyst, chromophore, and electron donor 
system. Hydrogen is a highly desirable fuel source, as the only products from 
hydrogen fuel cells are electricity and pure water. It is vital to discover novel 
catalysts for hydrogen generation. Precious metal catalysts are cost prohibitive 
and rare, which can restrict scaling hydrogen production up to industrial levels. 
Optimizing catalysts using earth-abundant first row transition metals to be 
covalently bonded to TiO2 nanoparticles (NP) can be a stable, efficient, and cost-
effective alternative to precious metal catalytic systems. By immobilizing effective 
molecular catalysts on TiO2, the catalyst can be recycled after the degradation of 
the chromophore and electron donor for additional hydrogen generation, and can 
be utilized in sea water to produce fuel and pure water from impure water 
systems. 
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Chapter 1. Introduction 

The Global Impact of Fossil Fuels 

Since the industrial revolution, humans have been burning coal and fossil 

fuels to generate energy to sustain an ever-growing population. A population 

boom has occurred in the years since, growing from 770 million in 1760, around 

the advent of the steam engine, to over 7.9 billion in the year 2021.1 This 10-fold 

population increase has generated the need for more and more power, with 18.9 

TW of power used globally in 2021, and nearly 80% of this energy being 

generated from fossil fuels (Figure 1.1).2 While energy consumption dipped in 

2020 due to the coronavirus pandemic hampering industry and travel, global 

consumption has rebounded and nearly returned pre-pandemic levels, and are 

expected to nearly double by 2050.3 

 

 

Figure 1.1. Energy consumption in the United States from 1776-

2021.2 
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Fossil fuel reserve estimations state that an energy consumption of 30 TW 

per year can be sustained for several centuries,4 but the use of fossil fuels for 

energy comes at the detriment of the health of the population and atmosphere. A 

2019 study found that 18% of global deaths were directly caused by pollutants 

from fossil fuel combustion and a 2016 study by the World Health Organization 

determined over 169,000 deaths of children under five were caused by fossil fuel 

pollution.5 

This illustrates the dangers of being in the immediate area of combustion 

of fossil fuels, but negative effects are felt throughout the globe as the 

concentrations of greenhouse gasses, such as methane and carbon dioxide, 

continue to increase in our atmosphere. There is a direct correlation between the 

use of fossil fuels and atmospheric carbon dioxide (CO2) levels (Figure 1.2), with 

pre industrial CO2 levels near 280 ppm while current CO2 levels are exceeding 

400 ppm.6 Advanced atmospheric CO2 monitoring has been in effect since the 

late 1950s, and scientists have been able to use air bubbles in ice samples from 

Greenland and Antarctica to determine the CO2 levels of around 280 ppm were 

steady for over 10,000 years before the Industrial Revolution beginning in the 

1750s.7 Within the last decade, CO2 concentrations have been rising at an 

average of 2.4 ppm annually, a 100-fold increase over the greatest natural 

increase in CO2 levels before the end of the last ice age.6  



 

3 
 

 

Figure 1.2. Atmospheric CO2 levels in ppm (blue) and CO2 emissions in gigatons 

(black) from 1750 to 2020.6  

Increased CO2 levels have led to a change in the pH of the oceans, with a 

26% increase in acidity corresponding to a 0.1 decrease in pH in the last 250 

years, a 100-times faster increase than had ever been previously recorded. 8  

This increasing acidity affects the levels of calcium carbonate in the sea water, 

which has an impact on shell formation of marine organisms, as well as coral 

growth due to decreased rates of calcification in more acidic environments. 

Changes like these are detrimental to all ocean life, as 25% of fish directly 

depend on coral reefs, and the reefs provide shelter and nourishment for a wide 

diversity of marine life.9 Since coral reefs act also as a coastal barrier to waves 

and strong storms, a decrease in reefs may result in decreased protection 

against flooding, damage, and erosion to the coasts.10 

 Increased greenhouse gasses have a strong impact on the overall climate 

of Earth. Paleoclimatic research has been an interesting topic for researchers, 
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and there is currently a climate record dating back over one million years that 

delineates the climate fluctuations and cycles that naturally occur. Based on this 

information, the Intergovernmental Panel on Climate Change (IPCC) concluded 

in 1990 that human emissions have substantially increased CO2, methane (CH4), 

chlorofluorocarbons (CFCs), and nitrogen dioxide (NO2) in the atmosphere, with 

some of these gasses being known contributors to increased greenhouse 

warming.7 Since then, the IPCC has reported that human-induced climate 

change has contributed to increased intensity and frequency of extreme weather 

events, heat-related mortality, areas affected by wildfires, droughts, damages 

occurring from tropical cyclones, and sea level rise. These changes have 

negatively impacted food and water security, leading to increased rates of 

malnutrition, with the greatest impacts on Indigenous populations, low income 

households, the elderly, pregnant women, and children.11 In addition, climate 

change has contributed to decreased water security, causing roughly half the 

world’s population to experience some time of severe water scarcity within the 

past year.11 

Renewable resources 

It is imperative to look for new sustainable and cleaner energy sources 

that don’t have the same negative environmental impacts as fossil 

fuels. Renewable energy sources generated in the US, such as wind and solar, 

have increased nearly two-fold since 2018, and are projected to continue 

increasing (Figure 1.3).12 
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Figure 1.3. Distribution of energy generation in U.S. from 2018-2024.12 

Wind energy is harvested by the kinetic energy of wind turning a turbine to 

generate rotational energy, which is then transformed into electricity using a 

generator. Since 2000, global wind turbine capacity has increased nearly 100-

fold to allow for 733 GW of energy to be generated annually.13 Turbines have 

become increasingly more efficient and are steadily decreasing in cost per unit of 

energy produced, but new wind turbine projects are not projected to maintain the 

same booming growth long term. This may be due to areas ideal for wind farming 

being in remote locations that do not have a connection to main energy grids, the 

noise and visual impact of the turbines, and the impact of the turbines on 

wildlife.14  

Solar power is forecasted to continue increasing, with the main source of 

solar energy coming from photovoltaic cells, and a small fraction coming from 

solar thermal energy and artificial photosynthesis (AP). Solar thermal energy 

works by converting light to heat, as large areas of water or heat-conducting 
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material are heated by sunlight. While the thermal energy can be stored in the 

material, allowing for use of the solar thermal energy at night, the efficacy of 

energy conversion is limited by surface area of the material. Overall, this process 

works well for heating air and water, but has limited electricity use.15  

Photovoltaic (PV) cells are generally composed of semiconductor 

materials that, when photons are absorbed, transfer electrons throughout the 

material to generate a potential voltage from the imbalance of charge.16 The 

conduction properties of a material can be explained by the arrangement of the 

valence band and conduction band. The valence band (VB) is where ground-

state electrons reside and the conduction band (CB) is where electrons reside 

after excitation and allows for conduction and movement of electrons. The space 

between the valence and conduction band is known as the band gap (Figure 

1.4). Metals have overlapping valence and conduction bands, and can therefore 

conduct electrons in any conditions, and insulators have too large of a band gap 

to excite electrons into the conduction bands, and so do not conduct electrons 

under most conditions. Between the two materials reside semiconductors, where 

the band gap is not overlapping but is small enough to be traversed by electrons 

excited by photons or thermal energy.  
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Figure 1.4. Diagram of band gaps for metals, semiconductors, and insulators.17 

Semiconductor materials for commercial PV cells are over 90% crystalline 

silicon due to the a undance of silicon in the earth’s crust, however there are 

many semiconductor possibilities that are being researched to grow PV 

technology. Some of the other semiconductors used include gallium arsenide, 

thin films composed of copper indium gallium diselenide (CIGS), cadmium 

telluride, perovskite, organic materials, or quantum dots.18  These materials 

produce PV cells that have energy conversion efficiency of nearly 30%, with 

higher efficiencies for materials with multiple junctions. These junctions are 

interfaces of different semiconductor types that have differing properties and 

band gaps, allowing greater use of the energy from sunlight.19 

Developers have planned to dou le the US’s solar harvesting capacity to 

nearly 30 GW in 2024. Energy storage is becoming a limiting factor, as the US’s 

current battery storage capacity is only 7.8 GW as of October 2022, though it is 

projected to grow rapidly in the coming years.20 It is shown that PV cells have 

become increasingly efficient in generating electricity using sunlight, but battery 

capacity is a limitation for widespread use. Utilizing the sun’s energy is a very 
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sustainable way to generate electricity, but more storage options must be 

explored.  

Artificial Photosynthesis 

Artificial photosynthesis (AP) is a promising alternative to gathering solar 

energy because the energy is stored in chemical bonds rather than batteries. To 

design great AP catalysts, scientists must seek to understand natural 

photosynthesis. Plants and algae are observed to be a highly effective harvester 

of sunlight to produce energy from CO2 and water using chlorophyll. Chlorophyll 

acts as a chromophore, which absorbs light and promotes an electron to an 

excited state. The electron is then transferred through the chromophore’s sp2 

hybridized porphyrin structure, known as resonant energy transfer, to the 

reaction site and creates a charge separation.21 The electron-hole pair is spatially 

separated, which allows for the oxidation of water to O2 using the holes, and the 

reduction of CO2 to sugar with the electron and proton. This is a highly effective 

process that has been refined over 2.5 billion years to optimize the resources 

available to these plants and algae, with the ability to store over 100 TW of 

energy annually.22 AP is an area of interest for many researchers looking to 

better utilize solar energy by creating novel photocatalysts in hopes to find new 

clean fuel sources.23 

Plants are able to utilize the energy from sunlight using a series of 

excitations, reductions, and oxidations using photosystems I and II (PSI and PSII, 

Figure 1.5). PSII absorbs a photon from sunlight to generate the strongly 

oxidizing P680+, which splits a water molecule to extract protons and electrons 
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and one half of an oxygen molecule.24 This initiates chemiosmosis, the transfer of 

protons through a semipermeable membrane, and a series of electron transfers 

to PSI. Along with additional photon absorption, PSI utilizes the hydrogenase 

enzyme to reduce cofactor nicotinamide adenine dinucleotide phosphate 

(NADP+) to NADPH. The transfer of charges in P700 provides the energy needed 

to convert ADP to ATP. The ATP and the biological hydrogen, NADPH, provides 

electrons, hydrogen, and energy to Calvin cycle to convert CO2 into glucose, 

which is a source of energy and carbon fixation within plant matter.25 

Figure 1.5. Diagram of the reaction steps in PSI and PSII.24 

Many microorganisms, like cyanobacteria and algae, are highly efficient in 

photosynthetic water splitting by utilizing metal-enzymes called hydrogenases. 

These enzymes are responsible for water oxidation and reduction and have three 

general types: [NiFe]-, [FeFe]-, and [Fe]-hydrogenase. The two former utilize a 

dinuclear metal center with an iron and nickel or two iron active sites, and the 

latter employs a single iron metal center active site.26 These hydrogenase 

enzymes are highly interesting to researchers as they utilize first row transition 

metal centers instead of precious noble metals.  
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For the benefit of optimizing AP catalysis, the photosynthetic process can 

be divided into the oxidative and reductive portions. In a more general light-

initiated reaction, when a chromophore absorbs a photon, an electron is excited, 

generating a charge separation between the excited electron and the hole. This 

allows for the consideration of each of the half reactions, where the electrons 

participate in the reductive hydrogen evolution reaction (HER) and the holes 

participate in the oxygen evolution reaction (OER, Figure 1.6). Hydrogen 

generation is a two electron process, whereas oxygen generation requires the 

loss of four electrons.  

2 H2O → O2 + 4 H+ + 4 e− 

4 H+ + 4 e− → 2 H2  

Figure 1.6. Water splitting reactions 

The Uses of Hydrogen 

Focusing on the reductive side of AP, it is possible to generate hydrogen 

gas from two protons and two electrons. Hydrogen is a clean burning gas that 

produces only water as a byproduct, with an energy per kilogram density 2.8 

greater than that of gasoline.27 Hydrogen is used in industrial processes, like 

Fischer-Tropsch synthesis to generate hydrocarbon fuels from carbon monoxide 

and hydrogen gas28 or the Haber-Bosch process that reacts nitrogen and 

hydrogen gases to create ammonia fertilizer. These industrial uses of hydrogen 

are highly important to modern civilization, but the ways in which the hydrogen is 

generated must be carefully considered. 
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While hydrogen is the most abundant element in the universe, making up 

over   % of the universe’s known mass, it does not occur in its elemental form 

on Earth. Rather, almost all of the hydrogen on earth is stored in water, 

hydrocarbons, and organic materials. Most of the hydrogen gas that is present on 

Earth has been made using fossil fuels via gasification and the water-gas shift 

reaction. This process involves the pyrolysis of organic material into carbon 

monoxide, which is then reacted with water to produce H2 and CO2.29 This is not 

a sustainable method to create hydrogen gas, as it is still using the limited fossil 

fuel reserves, requires a vast amount of energy input to create the reactants, and 

emits CO2 as a by-product. 

Hydrogen is a direct source of chemical energy and can be harvested by 

burning hydrogen in similar systems that utilize fossil fuel combustion, or used in 

fuel cells by harnessing the energy released when H2 and O2 are combined to 

form water, with chemical-to-electrical energy conversion of over 60%.30  This 

efficiency is much greater than compared to fossil fuels with fuel energy-to-

electricity efficiencies of 32-45%.31 It also must be considered that fossil fuels are 

made from biomass, which originally obtained all of its energy through 

photosynthesis, and plants have only a 4.5% efficiency for converting sunlight 

into energy.24 It is easy to see that there is a great disparity in the energy that 

could be generated using sunlight and how much energy is actually converted 

into electricity using our current systems. A better method is needed to 

sustainably produce H2 to be used as a clean and renewable energy source. For 

this, scientists have looked to the use of catalysts for hydrogen generation.  
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Developing Chemical Catalysts 

Electrocatalysts 

In order to determine the efficacy of a catalyst at reducing protons, there 

must be a standard set of tests to allow for direct comparison between catalysts. 

Electrochemistry is a helpful tool for investigating the transfer of electrons, and is 

vital for probing metal complexes for reductions and oxidations.32 Cyclic 

voltammograms (CV) measure applied voltage (V) versus current (i) and are 

obtained when a solution of the catalyst is probed by scanning potentials 

cyclically with a working, reference, and counter electrode. 

While the end goal is the design of a highly effective photocatalyst for 

HER, invaluable information can be gleaned from an electrochemical 

investigation into each catalyst. There are units of measure to compare efficiency 

and activity to examine the catalytic abilities of a complex. Overpotential is a 

measure of the efficiency of the catalyst, defined as the extra energy input over 

the thermodynamically-determined redox potential required for the reaction to 

occur.33 The activity is measured by the catalytic current enhancement (ic /ip). 

When a proton source is added, an irreversible catalytic wave appears at a more 

negative potential than the metal redox peaks. The ratio between the current of 

the proton reduction peak (ic) and the metal reduction peak (ip) is an indication of 

how active a catalyst is for proton reduction. (Figure 1.7). The activity of a 

catalyst can also be assessed by calculating the number of catalytic reactions 

per unit time, defined as the turnover frequency (TOF).  
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Figure 1.7. Diagram of overpotential and ic /ip.
34  

Platinum is a benchmark electrocatalyst for HER due to its high activity, 

low overpotential, and robustness.35 This is partially due to its near-neutral free 

energy of adsorption of H2, allowing for an ideal strength of bonding of hydrogen 

to the Pt surface: strong enough to form products, but not too strong as to not 

allow for the release of the produced H2.36,37 While Pt has been consistently 

found to be the most effective HER electrocatalyst, the abundance of Pt in the 

earth’s crust presents an issue when considering the scala ility of Pt catalysts. Pt 

is very scarce in the earth’s crust, and is therefore costly and precious, making it 

a poor candidate for scaling up Pt catalytic systems to produce industrial 

amounts of hydrogen.38 

An analysis of the a undance of metals in the earth’s crust illustrates the 

scarcity of heavy metals in the platinum and gold family, such as iridium, 

palladium, and ruthenium, and an abundance of first row earth metals, such as 

iron and titanium (Figure 1.8). This has pushed many scientists to investigate the 

uses of abundantly available first row transition metals, with some looking 

towards nature for inspiration.  
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Figure 1.8.Abundance of metals on earth39 

Researchers have successfully explored ways to incorporate earth 

abundant first row transition metals into electrocatalysts with hydrogenase 

mimics, by either taking a top-down or a bottom-up approach to synthesizing 

ligands and complexing with first-row transition metals. The top-down approach 

utilizes a biological assembly of the enzyme mimics in their natural environment, 

and tend to be studied for their biomimetic characteristics,40 and the bottom-up 

approach results in a simpler molecule that can be assessed for its hydrogen 

generating catalytic abilities. 

 A 2011 study by Helm, et al. involved the synthesis of the Dubois catalyst 

modeled after the [FeFe]-hydrogenase. It was found to be a highly active 

electrocatalyst, achieving an ic /ip of 38 and turnover frequency of over 33,000 s-1 

in acetonitrile (ACN). The electrocatalyst was found to operate at an 



 

15 
 

overpotential of 625 mV with a protonated dimethylformamide proton source. The 

catalytic activity was increased in the presence of water, with an ic /ip of 74 and  

TOF of over 100,000 s-1, explicating the catalytic ability to generate hydrogen 

from aqueous solutions (Figure 1.9 a).41 The Dubois catalyst was shown to be 

sta le in moderately acidic environments,  ut that isn’t always the case for the 

hydrogenase mimics. In 2016, Xu et al. synthesized the first iron-only 

hydrogenase mimic that somewhat stable for catalytic hydrogenation, but is still 

highly susceptible to decomposition (Figure 1.9 b).42 It is therefore more 

beneficial to have a looser interpretation of the hydrogenase active site to 

increase the possible catalytic activity. Our research group was inspired by the 

iron-only active site when designing the tetradentate polypyridyl monophenolate 

ligand complexed with an iron center to generate an iron polypyridyl complex 

(Figure 1.9 c). This catalyst was found to be stable in acidic and aqueous 

conditions, operating at an overpotential of 800 mV with an ic /ip of 7.8 in 

acetonitrile. The catalyst showed increased activity in aqueous solutions, with an 

ic /ip of 11.9 after the addition of water.34 This catalyst is of great interest to our 

group and is still being investigated with modifications currently. 

 

Figure 1.9. Hydrogenase inspired electrocatalysts by Helm 41 (a), Xu 42 (b) and 

Connor 43 (c). 
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Photocatalysts 

While effective electrocatalysts outlined have demonstrated highly efficient 

hydrogen generating abilities, photocatalysts are of great importance as they can 

enable the use of sunlight, rather than electricity, to power hydrogen generation. 

Photocatalytic systems work by using a chromophore to absorb photons and 

excite electrons to pass to the catalyst for HER and a sacrificial electron donor to 

quench the chromophore (Figure 1.10). The measure of the efficiency of a 

photocatalyst is the turnover number (TON), which indicates the moles of H2 

produced per mole of catalyst. The rate of hydrogen generation can also be 

determined photocatalytically with the turnover frequency (TOF) corresponding to 

the moles of hydrogen generated per mole of catalyst per unit time.  

 

Figure 1.10. Diagram of photochemical system. 

Design of a photocatalytic system includes the choice of chromophore and 

electron donor. Generally, each chromophore functions most efficiently in a 

specific protonation state, so the pH of the solution is important to the ability of 

the chromophore to absorb photons and transfer electrons to the catalyst. The 

electron donor has a large effect on the pH of the system and is chosen to best 

pair with the pH requirements of the chromophore. While pH can be adjusted to 
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best suit the system, the ability of the electron donor to donate electrons is 

affected by the pH, so optimization may be required. 

The chemical composition of the chromophore should also be considered 

when designing the photocatalytic system. Precious metals, such as ruthenium, 

have been shown to be a component of highly effective photocatalytic systems 

presented in work by the Eisenberg group. McNamara et al. built a photocatalytic 

system with a series of cobalt-dithiolene complexes with varied substituents as 

catalysts for HER from water by utilizing a tris(bipyridine)ruthenium(II) chloride 

(Ru(bpy)3
2+) chromophore and ascorbic acid electron donor. This system 

operates at pH 4 in equal parts acetonitrile and water and is a highly effective 

photocatalytic system with the Co-dithiolene catalyst with the strongest electron 

withdrawing group, generating TONs of over 9,000 and TOFs of over 3,400 h-1.43 

Chan et al. investigated Ru(bpy)3
2+ with a triethanolamine (TEOA) electron donor 

at differing pH, and they found that the pH affected the number of bound 

bipyridines as well as a change in oxidation state. Ru(bpy)3
2+ and TEOA 

generated the most hydrogen with a platinum catalyst but was unable to 

generate much hydrogen with a cobalt catalyst in pH 8.1.44 This illustrates the 

catalyst, chromophore, and electron donor must all be compatible to optimize 

water reduction. 

While ruthenium chromophores have been found to be effective at 

generating hydrogen under certain conditions, the availability of the precious 

platinum-group metal still limits the ability to scale up these systems in a cost-

effective manner. Luminescent metal-free organic dyes, such as xanthenes 
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(Figure 1.11), are a promising alternative to precious metal chromophores and 

have been found to be effective in photocatalytic systems.45  

Motz et al. reported a photocatalytic system with the organic dye, Eosin Y, 

and TEOA electron donor to investigate a series of cobaloxime derivatives as 

water reduction catalysts. They determined that the system was suitable for 

hydrogen generation, and the best cobaloxime derivative for water reductions 

were those that have high hydride affinity and redox-active ligands that are able 

to hydrogen bond, promoting the availability of hydrogen near the active site of 

the catalyst resulting in water reduction.46  

Wang et al. also reported a successful Eosin Y and TEOA system for 

water reduction by a binuclear cobalt catalyst, and pH studies determined 

maximum hydrogen generation in pH 8 conditions, with overall better hydrogen 

generation in more basic versus acidic environments. This may be attributed to 

the protonation state of the TEOA, further exemplifying that the pH of the system 

must be suitable for the chromophore and electron donor.  TONs of over 1000 

 
Figure 1.11. Structure of xanthene, with R=H for fluorescein and R=Br for Eosin Y 



 

19 
 

were reported when utilizing a system of 4.0 x 10-4 M Eosin Y and 5% TEOA in a 

3:1 acetonitrile to water ratio.47 

Fluorescein (Fl) is another xanthene derivative organic dye that has been 

studied for use in photocatalytic water reduction systems. Eisen erg’s research 

group in 2012 designed a noble-metal free photocatalytic system for hydrogen 

generation from 1:1 ethanol: water with a fluorescein chromophore, TEA electron 

donor, and nickel thiolate catalyst. The system generated over 5500 TON over 

40 hours, and was stable for over 60 hours.48 These findings were highly 

significant at the time, as no other organic dye system was able to generate 

hydrogen for longer than a few hours. Quenching studies revealed that system 

longevity could be attributed to oxidative quenching of the Fl chromophore in 

lower concentrations of TEA, with TEA donating electrons after Fl donates 

electrons needed for catalysis (Figure 1.12). 

 

Figure 1.12. Structure of nickel catalyst and diagram of quenching pathways.48 

Since this work, our research group has had great success with Fl 

chromophores paired with TEA electron donor. A 2015 study with nickel bis-
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dithiocarbazate Schiff base catalyst was found to generate over 3300 TONs in a 

highly stable system lasting over 70 hours with a Fl chromophore and TEA 

electron donor.49 Quenching studies concur with the previous Eisenburg study, 

finding that both oxidative and reductive quenching pathways were possible with 

Fl. Low TEA concentrations coincided with oxidative quenching and a greater 

stability of the Fl and catalyst system, and TEA was found to be the limiting factor 

in the oxidative pathway. The researchers also propose static quenching as a 

possible Fl quenching mechanism, where π-stacking between the Fl 

chromophore and catalyst allows for non-diffusion based electron transfer. It was 

proposed that this static oxidative quenching may contribute to the longevity of 

the system. 

Heterogeneous and homogeneous catalysts 

Since the discovery of solar water splitting using TiO2 by Honda and 

Fujishima in the     ’s,50 there has been a push to optimize the use of TiO2 as a 

heterogeneous photocatalyst for water splitting. TiO2 is a promising component 

of a catalytic system because it is stable, cost-effective, non-corrosive, non-toxic, 

and abundantly available. However, TiO2 is not an effective catalyst alone due to 

electron-hole recombination and large band gap corresponding to higher energy 

UV absorption. Electron-hole recombination is detrimental because the 

photoexcited electron does not transfer to the catalyst to be utilized in water 

reduction but instead falls back to the lower energy valence band and 

recombines with the hole to release energy in the form of heat or light. The 

greater than 3 eV band gap requires higher energy UV photons for excitation 
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from the VB to CB. However, UV light makes up only 8% of the sunlight that 

reaches the earth’s surface, whereas visi le light makes up over   %.51  

Modifications can be made to TiO2 to improve its ability to absorb light in 

the visible spectrum. Dye sensitization, via adsorption or covalent bonding of a 

dye onto the surface of TiO2, allows for charge transfer from the photoexcited 

dye into the CB of the TiO2.52  This widens the range of light able to be absorbed 

by the photocatalytic system, allowing the absorption of more abundant visible 

light, and therefore making the system more efficient at absorbing sunlight. 

TiO2 has two main morphologies: anatase with a 3.2 eV band gap and 

rutile with a 3.0 eV band gap. Pure anatase has been found to be more 

photochemically active, but a combination of the two morphologies has been 

found to be more active than the pure form of either anatase or rutile.53 This may 

be due to doping or junction effects of the semiconductors with differing band 

gaps, increasing activity and ability to make the most out of sunlight, similar to 

effects found in bulk phase semiconductors used in PV systems. 

Charge transfer can also occur out of the TiO2 to an immobilized catalyst 

to provide the reductive potential required for hydrogen generation and lower the 

occurrence of electron-hole recombination (Figure 1.13). Hirano et al. designed a 

water reduction photocatalytic system using P25 TiO2, which contains TiO2 

nanoparticles (NP) ranging from 10-40 nm with both anatase and rutile 

morphologies. Platinum NP catalyst and a Ru(bpy)3
2+ chromophore were used 

with an EDTA electron donor in water. This system generated hydrogen in the 

presence of the catalyst supported on TiO2 NPs, chromophore, and electron 
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donor, but produced little to no hydrogen in the absence of either catalyst, TiO2, 

or chromophore, indicating that all components were necessary for a successful 

photocatalytic system.54  

 

Figure 1.13. Diagram of a photocatalytic system with TiO2 nanoparticle. 

TiO2 NP photocatalytic systems without a precious metal catalyst have 

also been reported. In 2011, Reisner et al. reported a cobalt catalyst 

functionalized with a phosphonic acid anchoring group supported on TiO2 NP 

with Ru(bpy)3
2+ chromophore, which was also functionalized and immobilized 

with phosphonic acid anchoring group, and TEOA electron donor. The system 

was not found to be very stable, as it ceased H2 generation after 8 hours with 

TONs of 53, but it serves as an important proof of concept for noble-metal free 

catalysts and TiO2 heterogeneous systems.55 In 2014, Yin et al. described an 

entirely noble metal-free system with a carboxylate-functionalized cobalt catalyst 

covalently bound to TiO2 NPs with eosin y chromophore and TEA electron 
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donor.56 This system was marginally more stable, with TONs of 90 over 6 hours, 

but exemplified the ability to create TiO2 NP based systems without precious 

metals to generate hydrogen. 

In the investigation into first row transition metal catalysts, the most 

abundant metal, iron, has not been as thoroughly explored as cobalt or nickel.25 

In addition, many [Fe]-hydrogenase mimics employ the use of precious metal 

chromophores for water reduction instead of more cost-effective organic dye 

chromophores.57  Our group has investigated the use of an iron center in a [Fe]-

hydrogenase-inspired family of catalysts. As discussed previously with the 

electrocatalysts, the iron polypyridyl catalyst was shown to be effective at 

reducing protons in organic and aqueous mediums. When introduced into a 

homogeneous photocatalytic system, the iron polypyridyl complex produced 

TONs of over 2000 in a Fl and TEA system.58 The catalyst was later incorporated 

into a heterogeneous system by immobilizing the catalyst on TiO2 NP using a 

phosphonic acid anchor.59 This shift from homogeneous to heterogeneous TiO2 

system increased the TONs to over 7,800. This illustrates the benefit that can be 

gained by incorporating semiconductors into photocatalytic systems. 

Homogeneous Catalysts: 

Although these heterogeneous photocatalytic systems have been an 

important proof of principle study to exemplify how hydrogen can be generated 

from water using the power of the sun, it is still important to find new catalysts for 

hydrogen generation that are active and cost effective. Therefore, studies into 

finding novel molecular catalysts that are economically and environmentally 



 

24 
 

viable are necessary. When beginning the search for new catalysts, investigating 

molecular catalysts is a good starting point. While molecular catalysts are not 

always as effective at generating hydrogen as some heterogeneous catalysts, 

there are key advantages that bolster their usefulness and need to be 

researched. Molecular catalysts are able to be more fully understood in regards 

to its exact structure, specific active sites, and catalytic mechanisms.60 

As stated previously, the choice of metal for the catalyst’s active site 

should be carefully considered. While precious metals have been shown to be 

highly effective at catalyzing HER, the need to be able to scale up photocatalytic 

systems for wide spread or industrial use renders precious metals economically 

restricting. Many examples have been provided of a more economically viable 

option to utilize earth abundant first row transition metals, and many 

improvements have been made to improve the effectiveness of these catalysts 

over the past few decades. 

Apart from the choice of metal in designing a catalyst, much attention 

must be paid to the ligands which will be coordinated to the metal center. The 

ligand’s structure and chemical composition allows for tuna ility of the 

coordination environment around the metal center and adjustments in redox 

potentials.26 The ligands can affect the acidity of the metal hydride once the initial 

proton has coordinated with the active metal site, as the transfer of a proton to 

and from an active site can be inhibitory to proton reduction. The acidity can be 

altered by the ligand choice, as an electron withdrawing ligand can form a metal 

hydride complex with a lower pKa than that of a metal hydride complex with a 
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more electron donating ligand.61  This can allow the complex to be more readily 

reduced and may lower the reduction potential needed for the complex to 

catalyze hydrogen. A 2016 study from the Hartley et al. found that functionalizing 

an iron polypyridyl catalyst with an electron-withdrawing nitro group resulted in a 

300 mV overpotential, which corresponds to a 500 mV overpotential 

improvement over the parent catalyst.62 

The binding of the ligand can alter the stability of a metal complex. Multi-

dentate ligands have increased stability due to the chelate effect. Formation of 

complexes with multidentate, rather than monodentate, ligands are more 

thermodynamically stable, tend to have fewer steric hindrances and dipole 

interactions between ligands, and have the opportunity to have more aromatic 

character, with which ligand-metal π bonding can produce resonance stabilization 

through further delocalization of electrons.63 

 Another aspect to consider is the innocence of the ligand. Redox active 

ligands have shown useful for water splitting catalysts. For two electron 

processes, like water reduction, heavier metals allow for the transfer of two 

electrons due to the greater number of oxidation states available to the heavier 

metal. Lighter metals, such as Co or Fe, have fewer oxidation states and are 

more likely to engage in single-electron processes. While concurrent electron 

transfers can allow for the proper number of electrons for a multi-electron 

process to occur, radical intermediates are common after the primary electron 

transfer and may result in undesired reactions occurring. Redox-active ligands 
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may be reduced concurrently with the metal and can allow for two electrons to 

transfer simultaneously without the risk for intermediate undesired reactions.64  

Molecular catalysts require diffusion-based kinetics to interact with the 

electron source, as there are no bonds attaching the catalyst to the 

chromophore. Ligand design can modify this aspect as shown by research by 

Wang et al in 2022.65 They utilized π-stacking to facilitate electron transfer from 

the chromophore to the catalyst and found an increase in quantum yield and 

reaction selectivity. While the electron transfer was not as great as what occurred 

with covalent linking between the chromophore and catalyst, it was found to 

decrease charge recombination, which can be detrimental to the catalytic 

activity.  

A great benefit of beginning catalyst design in the molecular stage is the 

ability to tune and characterize the structure of the catalyst, and then immobilize 

the molecules onto heterogeneous structures, such as carbonaceous materials 

or metal-oxide semiconductors to alter reaction processes. Previous research 

has been done on complex functionalization and immobilization in our lab. The 

parent complex (Figure 1.14 a) was functionalized with a naphthalene (Figure 

1.14 b) adsorbed onto carbon surfaces with π-stacking. It was found that the 

catalyst successfully adsorbed on a glassy carbon surface and resulted in 

improved overpotential of the electrocatalyst.66 A phosphonic acid anchoring 

group (Figure 1.14 c) was also investigated for covalent bonding onto metal-

oxide surfaces. This incorporation of a molecular catalyst into a heterogeneous 

system allowed for a 3.5-fold improvement in TON under photocatalytic 
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conditions.59 This is an important proof of concept that active molecular catalysts 

can be improved upon by incorporation into heterogeneous systems, and 

displays great promise for catalyst design. 

 

Figure 1.14. Parent iron polypyridyl catalyst (a) with naphthalene 
functionalization66 (b) and phosphonic acid functionalization59 (c). 
 

Natural Water Sources for Hydrogen Generation 

An important focus of this research has been investigating catalytic ability 

to reduce water from impure systems. If photocatalysts are to be widely used for 

generating hydrogen around the world, or possibly on other planets, it is 

necessary to assess the robustness of the catalyst. To do so, natural water 

sources have been investigated.  

Previous research in our group has shown that the iron polypyridyl catalyst 

is effective for HER in water obtained from Lake Matoaka on the William & Mary 

campus with a two-fold reduction of TONs.58 This inspired the investigation into 

the most prevalent water source, sea water (Figure 1.15). As saltwater makes up 

over 97% of the water present on Earth,67 it is of vital importance to utilize this 

water to generate hydrogen gas. As pure water becomes more scarce 

throughout the world, this ability to generate hydrogen from saltwater would allow 
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for the generation of pure water when the hydrogen generated is used in fuel 

cells. The Apollo 11 mission to the moon in 1969 utilized this technology, as the 

command center was powered by a hydrogen fuel cell, and the crew drank the 

water from the fuel cell for the duration of the space flight.68 This shows the 

impact that a robust photocatalyst could have on the future of energy and water 

purification. 

 

Figure 1.15. Diagram of saltwater and freshwater distribution on earth.67 
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Chapter 2. The Synthesis, Characterization, and Electro- and 
Photochemical Investigation of an Iron Polypyridyl Complex Immobilized 
on TiO2 Nanoparticles 

Introduction 

Complexes mimicking hydrogenases have been found to be successful 

catalysts for hydrogen generation, and while Ni and Co complexes have been 

extensively studied, complexes utilizing the most available and cost-effective 

transition metal, Fe, are lacking.1 This was the inspiration for our group’s 

investigation into an iron polypyridyl complex modeled after [Fe]-hydrogenase. 

Connor et al. reported an active electrocatalyst, [FeCl2(L)], with an ic /ip of 7.8 

and overpotential of 800 mV in ACN, with increasing catalytic activity in 1:1 ACN 

to water with an ic /ip of 11.9 (Figure 2.1.a).2 Modifications to this parent complex 

were made by the addition of a sulfinato group or a nitro group. Increased 

catalytic activity found for the sulfinato-functionalized complex with an ic /ip 

increasing to 13 and an unchanged overpotential of 800 mV, with increased 

activity likely due to the hemilabile nature of the sulfinato ligand (Figure 2.1.b).3 

The nitro-functionalized complex (Figure 2.1.c) was found to decrease in catalytic 

activity, operating at an ic /ip of 5.3, but found to have a 500 mV improvement for 

overpotential, making hydrogen generation more thermodynamically favorable. 

This is likely due to the electron-withdrawing nature of the nitro group.4 
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All three complexes were found to be effective for photocatalytic hydrogen 

generation in a 1:1 water: ethanol solution with fluorescein chromophore and 

TEA electron donor at a pH of 12.5. Other chromophore and electron donor 

pairings were tested, including Ru(bpy)3
2+ with ascorbic acid at pH 4 and eosin Y 

and TEOA at pH 7, but the fluorescein and TEA system was found to generate 

the most hydrogen. The parent complex was found to be the most active with 

TON of over 2100, and was also found to generate hydrogen from water 

obtained from a local lake, illustrating the robustness of the photochemical 

system.5 

The efficacy of the iron polypyridyl complex family led to the consideration 

of incorporating the complex into heterogeneous systems by anchoring the 

complex onto TiO2 NP to discover changes in photocatalytic activity. Some 

common anchoring groups for metal oxide semiconductor immobilization include 

silicanes, phosphonates, and carboxylates.6 A 2004 study by Marcinko et al. 

found silicane anchoring groups on TiO2 to hydrolyze in aqueous solutions, 

 
Figure 2.1. Iron polypyridyl parent complex, [FeCl2(L)],2 (a), sulfinato-
functionalized complex3 (b), and nitro-functionalized complex4 (c). 
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making it a poor candidate for use in water reduction systems. Marcinko et al. 

also examined phosphonate anchoring groups and found them to be highly 

stable on TiO2 in aqueous environments.7 

In 2011, Lakadamyali et al. designed an effective heterogeneous catalytic 

system by covalently bonding a cobaloxime catalyst and Ru(bpy) 3
2+ 

chromophore to TiO2 with a phosphonate anchoring group. The system was 

found to only generate hydrogen when the catalyst and chromophore were 

anchored to TiO2, illustrating the vital role of the covalently bound semiconductor 

for the success of the system.8 

In 2018, our group utilized a phosphonate anchor group to immobilize 

[FeCl2(L)] onto TiO2 or SrTiO3 to investigate the hydrogen generation from 

aqueous solutions with fluorescein chromophore and TEA electron donor.9 The 

chromophore was not covalently bound to the TiO2 with a phosphonic anchor as 

was done in the Lakadamyali system. This is due to the discovery that the 

fluorescein sensitized the TiO2 surface without the need of an anchoring group 

modification, and the sensitization resulted in an increase of the absorbance in 

the visible spectrum (Figure 2.2). The TiO2 supported catalyst was found to be 

more stable for longer, generating H2 for 31 hours and resulting in 7800 TON. 

The SrTiO3-immobilized catalyst ceased hydrogen generation after 10 hours of 

irradiation with an overall TON of 7000 after 31 hours. 9 
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While the TiO2-phosphonate system was found to be highly effective at 

generating hydrogen with a nearly 4-fold improvement over the TON of 

[FeCl2(L)], the catalyst had to be synthesized by first immobilizing the ligand onto 

TiO2, followed by complexing with iron (Figure 2.3). This was due to the strong 

binding of the phosphonic acid group, and attempts to complex the ligand with 

FeCl3 resulted in the phosphonate preferentially binding with the iron center 

instead of the NNNO binding like the iron polypyridyl complex family. This 

resulted in an inability to characterize the complex with x-ray crystallography, as 

the complex could not be crystallized alone.  

 

 

 

 

 
Figure 2.2. Diffuse Reflectance UV/Vis spectra of thin-film bare TiO2 (black) 
and thin-film TiO2 sensitized with fluorescein (red).8 
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Carboxylic Acid Anchor 

While carboxylic acids are considered to be more environmentally friendly 

than phosphonic acids, carboxylate anchoring groups have been stated to be 

weak and easily dissociated.6 In 2013, Martini et al. investigated a variety of 

linkers with a Zn porphyrin complex on TiO2 both with and without a Zn porphyrin 

complex using UV/vis. They reported that the phosphonate linker (Figure 2.4.L2), 

was stable in aqueous solutions before and after the addition of Zn porphyrin 

(Figure 2.4.L2a and L2b), which substantiates the phosphonic acid anchoring 

group stability found in our group. 

 

 

 

 
Figure 2.3. Phosphonic acid functionalized L on TiO2 before and after 
complexing with FeCl3 to form [FeCl2(L-PO3)]. 
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When comparing the phosphonate and carboxylate linkers, the 

carboxylate linker alone was shown to be less stable. Even though Martini et al. 

found that the carboxylate linker was easily dissociated from the TiO2 surface in 

aqueous solutions (Figure 2.4.L1 a), it was found that once the porphyrin 

complex was added to the linker, the carboxylate group did not dissociate and 

the complex and linker remained immobilized on the semiconductor surface 

(Figure 2.4.L1 b). Furthermore, the researchers found that the phosphonate 

linker provided worse electron injection than the carboxylate linker via terahertz 

spectroscopy probing the charge transfer from the porphyrin, through the linker, 

and into the CB of the TiO2. They also used this method to determine the effect 

of the length of the linker as altered by the addition of a phenyl ring between the 

porphyrin and pyridine of the linker. They found a decrease in electron injection 

with increasing linker length, illustrating the benefit of short anchoring groups for 

 

Figure 2.4. (L1) pyridine linker with carboxylate anchor; (L2) pyridine linker 
with phosphonate anchor; UV/Vis of linker on TiO2 before (L1a and L2a) and 
after (L1b and L2b) Zn porphyrin complex. 
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electron transfer.10 These results elucidate the benefits of a carboxylate anchor 

directly bound to the phenolate ring for immobilization of the catalyst onto TiO2 

and give promise to an improved method to incorporate the effective parent 

molecular catalyst into a heterogeneous system for water reduction. 

 

 

Figure 2.5. Carboxylic acid functionalized iron polypyridyl complex before and 
after immobilizing on TiO2 to form [FeCl2(L-COOH)]. 
 

In this chapter, synthesis, characterization, and electro- and 

photochemical analysis are presented for an iron polypyridyl complex 

functionalized with a carboxylate anchor, [FeCl2(L-COOH)], for immobilization on 

TiO2 NP. The ligand was characterized using nuclear magnetic resonance (NMR) 

and mass spectrometry (MS), and the catalyst was able to be complexed prior to 

the immobilization of the ligand onto TiO2. The complex was characterized using 

single crystal x-ray crystallography and was investigated electrochemically for 

catalytic activity. Immobilization of the catalyst onto TiO2 was done via thin-film 

and centrifuge methods and confirmed using diffuse reflectance UV/Visible 

spectroscopy (UV/vis). The heterogeneous catalyst was assessed 

photochemically for its ability to generate hydrogen in aqueous solutions. The 

goal of this project was to design a more effective photocatalyst that could be 

characterized prior to immobilization onto TiO2. 
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Methods 

Materials 

P25 TiO2 was obtained from Acros Organics. The TiO2 nanoparticles are 

25 nm in diameter on average and are 70% anatase and 30% rutile. Zirconia 

(diameter = 20 nm) was purchased from Sigma Aldrich. 4-hydroxybenzoic acid, 

hexamethylenetetramine, trifluoroacetic acid, sodium cyanoborohydride were all 

obtained from Acros Organics. Bis(pyridin-2-ylmethyl)amine was obtained from 

TCI.  

Synthesis 

 

Figure 2.6. Synthesis of [FeCl2(L-COOH)]. 

Synthesis of L-COOH (Figure 2.6) 

L-COOH was synthesized according to a modified literature procedure.1,10 

4-hydroxybenzoic acid (2.5 g, 18 mmol) was added to a round bottom flask with a 

stir bar and dissolved in trifluoroacetic acid (TFA). Hexamethylenetetramine 

(HMTA, 2.5 g, 18 mmol) was then added to the flask dropwise, then capped with 
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a condenser and allowed to reflux for 24 hours. Hydrochloric acid was then 

added to the solution and stirred for 6 hours. The solid product, 3-formyl-4-

hydroxybenzoic acid, was collected by filtration.  3-formyl-4-hydroxybenzoic acid 

(1 g, 6 mmol) was then added to a flask and dissolved in methanol and acidified 

with 3 drops of acetic acid. Di-(2-picolyl)amine (1.04 mL, 6 mmol), followed by a 

methanolic solution of cyanoborohydride (0.182 g, 3 mmol), was added to the 

flask dropwise, topped with a condenser, and allowed to reflux 24 hours. The 

solution was then adjusted to pH 4 with HCl and evaporated until dry. The 

solution was then dissolved in 50 mL of saturated NaHCO3 solution and 

extracted with DCM (3 x 50 mL). 1 M HCl was added to the aqueous layer until it 

reached pH 7. The aqueous layer was extracted again with DCM (3 x 50 mL). 

The organic layers were combined and dried with MgSO4, filtered, and 

evaporated to collect L-COOH. The ligand synthesis was confirmed with NMR 

(Figure A3 and A4) and high resolution mass spectrometry (Figure A5). 

Synthesis of [FeCl2(L-COOH)] 

[FeCl2(L-COOH)] was synthesized using a modified procedure.1 A 

methanolic solution of L-COOH was added to a vial with a methanolic solution of 

FeCl3• H2O and sodium methoxide and allowed to stir at room temperature for 1 

hour. The solution was filtered through celite, and the purple solid was collected, 

dissolved in minimal DCM, and crystals were obtained by slow diffusion into 

diethyl ether. 
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TiO2 Film Preparation 

TiO2 NP and deionized water were added to a vial in a 4.0 g : 7.0 mL ratio. 

The mixture was stirred for approximately four hours to form a slurry. After 

stirring, the mixture was transferred onto one side of a microscope slide taped off 

with scotch tape via a Pasteur pipette. The slide was doctor bladed by scraping 

the TiO2 slurry across the slide using a razor blade to result in a thin, even 

layer.10 The doctor bladed thin films were heated in a muffle furnace at 300°C for 

two hours.  

Catalyst Immobilization on TiO2 

The catalyst was immobilized on the semiconductor surface by soaking 

the nanoparticles in a methanolic solution of 1, followed by centrifugation. Excess 

catalyst solution (8 x 10-8 mol catalyst in methanol per 5 mg of semiconductor) 

was added to a sample vial, along with a measured amount (20-100 mg) of 

semiconductor nanoparticles. Excess methanol was added to the sample vial, 

bringing the total volume to 5.0 mL. The sample vial was stirred for one hour and 

divided into microcentrifuge tubes to be centrifuged at 13,400 rpm for 15 minutes. 

The supernatant was removed, followed by the addition of methanol to the 

microcentrifuge tubes to rinse the nanoparticles. The mixtures were shaken and 

sonicated before being centrifuged for three minutes. This wash process was 

 
Figure 2.7. Carboxylic acid functionalized complex before (1) and after (2) 
immobilization onto TiO2. 
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completed a total of four times. Following the final centrifugation, the supernatant 

was removed and the catalyst-sensitized nanoparticles were allowed to dry in 

dark conditions for 12 hours.  

Electrochemical Studies 

Cyclic Voltammetry 

All electrochemical experiments were performed under an argon 

atmosphere using CH Instruments 620D potentiostat and CH Instruments 680 

amp booster. Cyclic voltammograms (CV) were taken using a standard three-

electrode cell, including a saturated calomel electrode (SCE), platinum auxiliary 

electrode, and glassy carbon working electrode. The platinum and glassy carbon 

electrodes were polished prior to each CV using 0.05 μm alumina powder on a 

cloth-covered polishing pad and rinsed thoroughly with deionized water and 

acetonitrile. 

Acid Addition Study 

5.0 mL acetonitrile, 0.2 g tetrabutylammonium hexafluorophosphate 

(TBAPF6, 0.1M), and roughly 0.3 mg of [FeCl2(L-COOH)] (0.1 mM) were added 

to an electrochemical cell and degassed with argon for 15 minutes. CVs were 

taken without acid, and after the addition of 20, 40, 60, 80, and 100 uL of 0.11 M 

TFA. The CV was taken at a potential range from -0.4 to -1.8 V vs Fc+/Fc with a 

scan rate of 0.2 V/s. 

Catalyst Addition Study 

5.0 mL acetonitrile, 0.2 g TBAPF6, (0.1M), and 100 μL 1.1 M TFA were 

added to an electrochemical cell and degassed with argon for 15 minutes. CVs 
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were taken without catalyst, and after the addition of 112, 224, 336, and 448 μL 

of [FeCl2(L-COOH)]. The CV was taken at a potential range from -0.4 to -1.8 V 

vs Fc+/Fc with a scan rate of 0.2 V/s. 

Photochemical Studies 

Hydrogen Evolution Studies 

Hydrogen evolution was determined using test tubes with 1:1 ethanol: 

deionized water solvent, varying amounts of [FeCl2(L-COOH)], 1.8 mM 

fluorescein, and 5% triethylamine (TEA, v/v%). Immediately after the addition of 

TEA, test tubes were sealed with a septa and copper wire and degassed with 

argon for 10 minutes. A Hamilton syringe was used to remove 1.0 mL argon from 

the headspace of the test tube and then 1.0 mL of methane was added as an 

internal standard. The test tubes were irradiated with LED lights while stirring. 

After irradiation, 0.10 mL of headspace was removed using a Hamilton gas 

syringe and injected into a gas chromatograph to determine the ratio of hydrogen 

to methane to determine hydrogen produced. 

System Optimization Studies 

The general procedure for hydrogen evolution studies was followed while 

varying catalyst concentration, chromophore concentration, or wavelength of 

LED light. Comparison of TONs were made between 0.5 mg, 1 mg, and 5 mg of 

catalyst-functionalized nanoparticles; green 560 nm versus blue 490 nm LED 

light; and 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, and 2.4 mM fluorescein in EtOH solutions at 

specific time points to determine the optimal setup for the system, which were 

carried out in further hydrogen evolution studies. The highest TONs were 
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achieved using 0.5 mg of catalyst-functionalized nanoparticles and 2.1 mM 

fluorescein in the blue LED light setup.  

Reusability Studies 

Samples were prepared following the same procedure as in the hydrogen 

evolution studies with 5 mg of catalyst-functionalized nanoparticles rather than 

0.5 mg. Following 25 hours of irradiation, samples were removed from the blue 

LED setup, filtered to remove 2, and filtrate was centrifuged at 5,000 rpm for 12 

minutes. Following centrifugation, the supernatant was removed and the recycled 

nanoparticles were rinsed with ethanol. Along with the nanoparticles, fresh 

fluorescein, triethylamine, water, and ethanol were added to sample test tubes 

that were then capped with septa and sealed with copper wire. After degassing 

for ten minutes with argon, a Hamilton gas syringe was used to remove 1.0 mL of 

headspace from each test tube and add 1.0 mL methane gas as an internal 

standard. Test tubes were placed back in the blue LED light setup for irradiation 

while stirring. A Hamilton gas syringe was used to remove 0.10 mL of headspace 

gas from each test tube and injected into a gas chromatograph for analysis at 

various time intervals.  

Results and Discussion  

A main benefit of using the carboxylate anchoring group is the ability to 

characterize the complex before immobilizing onto TiO2. Crystals of the complex 

were obtained using slow diffusion of diethyl ether into a highly concentrated 

solution of 1 in DCM. A structure of the catalyst was obtained via x-ray 

crystallography and was found to be a distorted octahedral geometry (Figure 
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2.8). The Fe-N bonds are between 2.17 and 2.24 Å in length, but the Fe-O bond 

is shorter at 1.91 Å. Distortions from the typical 180° axial or 90° equatorial 

spacings include the O(1)-Fe(1)-N(2), N(1)-Fe(1)-Cl(1), and N(3)-Fe(1)-Cl(2) 

axial bond angles of 162-170° and the N(2)-Fe(1)-N(1) and N(3)-Fe(1)-N(1) 

equatorial bonds exhibiting 73.5-76.3° bond angles(Table 2.1).  These distortions 

are consistent with other complexes in the iron polypyridyl family.1–3 The 

carboxylic acid functional groups allow for the formation of a dimer via hydrogen 

bonding between a pair of molecules (Figure 2.9).  

 

Figure 2.9. Diagram of dimer formed by hydrogen bonding of carboxylic 
groups of 1.  
 

 

Figure 2.8.  ORTEP diagram of 1. Fe (dark blue), O (red), Cl (green), N 
(blue), C (white). Ellipsoids are at the 50% probability level and all hydrogen 
atoms besides carboxylic hydrogen have been omitted for visual clarity. 
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Table 2.1. Bond lengths and angles of Fe for [FeCl2(L-COOH)] 

Bond Bond Lengths (Å) 

Fe(1)-Cl(1) 2.2922(5) 

Fe(1)-Cl(2) 2.3194(5) 

Fe(1)-O(1) 1.9119(13) 

Fe(1)-N(1) 2.2410(16) 

Fe(1)-N(2) 2.1716(16) 

Fe(1)-N(3) 2.2063(16) 

Bonds Bond angles (°) 

Cl(1)-Fe(1)-Cl(2) 98.15(2) 

O(1)-Fe(1)-Cl(1) 99.59(4) 

O(1)-Fe(1)-Cl(2) 94.93(5) 

O(1)-Fe(1)-N(1) 89.05(6) 

O(1)-Fe(1)-N(2) 162.51(6) 

O(1)-Fe(1)-N(3) 84.45(6) 

N(1)-Fe(1)-Cl(1) 164.51(5) 

N(1)-Fe(1)-Cl(2) 93.84(4) 

N(2)-Fe(1)-Cl(1) 97.08(5) 

N(2)-Fe(1)-Cl(2) 87.85(5) 

N(2)-Fe(1)-N(1) 73.52(6) 

N(2)-Fe(1)-N(3) 89.88(6) 

N(3)-Fe(1)-Cl(1) 91.63(5) 

N(3)-Fe(1)-Cl(2) 170.16(5) 

N(3)-Fe(1)-N(1) 76.34(6) 
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Electrochemical characterization is also possible with the formation of the 

complex before immobilization on TiO2. One notable characteristic of all 

complexes in this iron polypyridyl family is the anodic shift of the reversible 

reduction of Fe(III) to Fe(II). Without the addition of a proton source, the iron 

reduction occurs at roughly -0.6 V vs Fc+/Fc. Once a proton source, 

trifluoroacetic acid (TFA) is added, the redox peak shifts and the iron reduction 

occurs near -0.4 V vs Fc+/Fc (Figure 2.10). This alludes to this carboxylate 

functionalized catalyst having a similar HER mechanism to that of the parent 

complex, with the protonation of the phenolate moiety occurring first in the 

presence of acid.1 This corresponds to a CECE or CEEC mechanism, where C 

represents protonation and E represents reduction. 

To assess 1 for the ability to reduce protons, CVs from -0.4 to -1.7 V vs. 

Fc+/Fc were taken without acid and with increasing aliquots of 0.11 M TFA. An 

 

Figure 2.10. Redox peaks of 1 before (black) and after (blue) the addition of 
TFA.  
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irreversible catalytic wave occurs at -1.55 V vs. Fc+/Fc and increases linearly with 

each 20uL addition, indicating a second-order dependance on protons. This 

results in an ic /ip of 8.7 with the final TFA concentration of 2.2 mM (Figure 2.11). 

1 operates at an overpotential of 790 mV in the presence of 1 mM TFA. 

 

 

 

 

Figure 2.11. CVs of 1 with no acid (black), 0.44 (red), 0.88 (yellow), 1.32 
(green), 1.76 (red), and 2.2 mM (purple) TFA. 
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CVs of increasing concentrations of 1 with steady TFA concentrations 

show a linear increase with each addition of catalyst (Figure 2.12). This is also 

the case for the parent catalyst, indicating that there is a first-order dependance 

on 1, giving a rate expression of rate=k[1][H+]2.  

 When compared to the parent complex with an ic /ip of 7.8 and irreversible 

reduction at -1.57 V, 1 has a higher ic /ip and has a lower overpotential, indicating 

that the carboxylate anchor did not hamper the electrocatalytic ability to reduce 

protons or change the reaction mechanism or rate expression, but rather was 

slightly more active and efficient than the parent complex.  

Immobilization of 1 on TiO2 surface to form 2 was confirmed by diffuse-

reflectance UV/vis spectra, with a strong increase in absorbance in the visible 

 

Figure 2.12. CVs of 2.2 M TFA only (black) and 0.1 (red), 0.2 (yellow), 0.3 
(green), and 0.4 mM (blue) 1.  
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spectrum and a peak around 590 nm (Figure 2.13). An absorbance in this region 

is consistent with others in the iron polypyridyl family and is indicative of pπ–dπ* 

transition from the phenolate to the iron center.8 

 

When incorporating the catalyst into a photocatalytic system, fluorescein 

was chosen as the chromophore due to its ability to reduce similarly negative 

proton reduction potentials and success in photochemical studies of the iron 

polypyridyl family. System optimization included variations in Fl and catalysts 

concentrations, and optimum conditions were found to be 2.1 mM Fl and 0.5 mg 

2. LED light wavelengths used to irradiate the photochemical system were also 

investigated. The molecular catalysts were found to perform best under 560 nm 

green light, but immobilization on TiO2 allowed for higher TONs with 490 nm blue 

LEDs. Studies of 1 in a homogenous photochemical system irradiated by blue 

 

Figure 2.13. UV/Vis spectra of blank TiO2 (black) and 2 (red). 
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light produced TONs of 160 over 24 hours, a nearly 75-fold reduction in activity. 

The 490 nm wavelength corresponds more closely to the 495 nm Fl absorbance, 

but Fl cannot quench quickly enough and photo-bleaches in the homogeneous 

system due to diffusion-based kinetics, ceasing hydrogen generation before 

higher TONs can be achieved. This illustrates the benefit of catalyst 

immobilization and Fl aggregation on TiO2 NPs for the stability and increased 

efficiency of the heterogeneous photocatalytic system. Due to these findings, all 

TONs reported in this chapter were obtained with blue LEDs. 

Time course studies over 48 hours demonstrate TOFs of 1,000 hr-1 for the 

first 10 hours, with subsequent hydrogen generation slowing and ceasing by 48 

hours with a system of 0.5 mg 2, 2,1 mM Fl, and 5% TEA in 1:1 H2O:EtOH. 

TONs reached over 12,000 over the 48 hours period (Figure 2.14).  

 

Figure 2.14. TONs over 48 hours in 2.1mM Fl, 5% TEA, and 0.5mg 2 1:1 
H2O:EtOH photochemical system. 



 

54 
 

To test the robustness and reusability of the 2, 5 mg 2 was used in the 

photocatalytic system and irradiated for 25 hours. NPs were then filtered from the 

solution and cleaned and centrifuged and reused with fresh Fl, TEA, and water-

ethanol solution. Hydrogen generation resumed for over 10 hours and generated 

similar TONs that were seen with fresh NPs. These results demonstrate the 

robustness of the TiO2 immobilization, confirming the ability of the carboxylate 

functional group to effectively anchor 1 to the TiO2 NPs.  

Hydrogen Generation from Seawater 

While hydrogen generation from deionized water exemplifies the catalytic 

ability of 2 in a pure system, water requires rigorous processing to be deionized 

and may not be readily available. To elucidate the robustness of the catalyst and 

 

Figure 2.15. TONs over 48 hours in 2.1 mM Fl, 5% TEA, and 5 mg 2 in 1:1 
H2O:EtOH photochemical system. NP were recycled at 25 hours and reused in 
fresh Fl and TEA. 
 



 

55 
 

probe the ability of 2 to generate hydrogen in other conditions, water from 

Virginia Beach, VA, was collected, filtered, and used in place of DI water under 

photocatalytic conditions. The sea water system generated  3 μL hydrogen over 

24 hours, which is a 58% decrease from the 221 μL H2 generated using DI water. 

While this showed that sea water allowed for less than half of the amount of 

hydrogen than DI water under the same conditions and concentrations of 2, it is a 

vitally important proof of concept that 2 is robust enough to generate hydrogen in 

impure systems. 

Conclusion 

These studies explicate the benefit of the carboxylic acid functional group 

due to its ability to be complexed and characterized, as well as show highly 

effective photocatalytic ability when immobilized on TiO2 NP. The use of 

carboxylic acid instead of phosphonic acid as an anchoring group allows for the 

design of a more environmentally-friendly catalyst that can be complexed with 

iron and crystalized to obtain a crystal structure. The distorted octahedral 

geometry parallels that of the other complexes in the iron polypyridyl family, and 

electrochemical activity of 1 demonstrates modest improvements in activity with 

increased ic /ip, similar overpotentials, and a similar proton reduction mechanism 

to the parent complex. Successful immobilization on TiO2 allows for the 

incorporation of 1 into a highly efficient and recyclable heterogeneous 

photocatalytic system to form 2, generating TONs over 12,000 and is able to be 

recycled for continuous hydrogen generation. The immobilized NP are stable 
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enough to generate hydrogen from seawater, alluding to potential real world uses 

for use as a heterogeneous catalyst for clean energy and water applications. 
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 Appendix A 

Surface Coverage Determination 

UV-Vis spectrophotometry was used to determine the ligand coverage on 

TiO2 as outlined in previously reported procedures.12, 13 A 4.0 x 10-5 M solution of 

complex in methanol was prepared and analyzed via UV-Vis. 4.0 mL sample of 1 

in a MeOH solution was then added to a sample vial with 5.0 mg of TiO2 

nanoparticles, capped, and stirred for one hour. The mixture was divided into 

microcentrifuge tubes and centrifuged at 13,400 rpm for 15 minutes. After 

centrifugation, the supernatant was collected and also analyzed via UV-Vis. The 

absorbance of the supernatant and original complex solution were compared at 

~260 nm, and the difference in absorbance between the solution and supernatant 

 
Figure A1. UV-Vis absorption spectra of dilute 2 solution (red) and supernatant 
(black). 
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was used to calculate the number of moles of ligand immobilized on the 

semiconductor surface. A sample calculation is shown below: 

𝑚𝑜𝑙 𝟏 = [1 − (
𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
)] × (4.0 × 10−5 𝑀)

× (4 × 10−3 𝐿) 

= [1 − (
0.40

0.81
)] × (4.0 × 10−5 𝑀) × (4 × 10−3 𝐿) 

=  8.00 × 10−8 𝑚𝑜𝑙𝑒𝑠 𝑝𝑒𝑟 5 𝑚𝑔 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
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Calculation of Turnover Number  

Turnover number (TON) is defined as the moles of product generated per 

mole of catalyst. To determine the TON for hydrogen generated by our catalyst, a 

calibration curve has been developed by injecting a known amount of hydrogen, 

as well as the internal standard, methane, into the gas chromatograph (GC). The 

ratio of the obtained hydrogen and methane peaks are then plotted versus the 

volume of injected hydrogen. The calibration curve used for this study resulted in 

a slope of 0.0044 and is used to determine the volume, and therefore moles, of 

hydrogen generated from the system.9,13 The equation is as follows: 

𝜇𝐿 𝐻2 =
1

0.0044
(

𝐴𝑟𝑒𝑎 𝐻2

𝐴𝑟𝑒𝑎 𝐶𝐻4
) 

  

 
Figure A2. Calibration curve of H2 to CH4 peak areas used for determination 
of hydrogen generation. The ratio of peak areas was plotted against the 
volume of H2 injected into the GC.  
 



 

62 
 

 

 

 

 

 

 

  

 
Figure A3. 1H NMR spectrum of L-COOH with integrations in blue.  
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Figure A4. 13C NMR spectrum of L-COOH.  
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Figure A5. High resolution mass spectrum of L-COOH. The expected 
molecular ions were observed with a difference of less than 1 ppm. 
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Figure A6. CV of 1 with (blue) and without (black) 100 µL of 0.11 M TFA.  
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Figure A7. Hydrogen evolution over 60 hours using 1 mg of 2, 2.1 mM Fl, 5% 
TEA in 1:1 H2O:EtOH, irradiated with green LED light.  
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Figure A8. TON vs. [Fl] (mM) with 0.5 mg of 2 and 5% TEA in 1:1 H2O:EtOH 
after 12 hours. 
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Table A1. Crystal data and structure refinement for 1 
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Chapter 3. The Synthesis, Characterization, and Electro- and 
Photochemical Investigation of an Iron Pyrazalonyl Complex 

Introduction 

Investigation into new earth-abundant first row transition metal catalysts is 

imperative to the quest to make hydrogen generation more economically and 

environmentally favorable. Previous studies by our group exhibit the process of 

designing and optimizing a family of highly effective electro- and photocatalysts 

for both homogeneous and heterogeneous catalytic systems. As shown in 

chapter 2, known effective catalysts can be modified with a variety of functional 

groups to alter some characteristics of the catalyst while maintaining structural 

and mechanical properties of the parent complex. It is therefore highly important 

to find new effective catalysts that can be modified and embedded into 

heterogeneous systems to further the library of catalysts for hydrogen 

generation. 

A challenge with first row metal catalysts is the limitation of one electron 

processes. By incorporating a ligand that exhibits redox activity, multielectron 

reactions can occur more readily, as both the metal center and ligands can 

undergo redox processes simultaneously. Therefore, redox-active, or 

noninnocent, ligands are of great interest for catalysis, and they can allow for two 

electron reduction needed for HER that generally otherwise require heavier and 

more electron rich noble metals.1-3 This makes noninnocent ligand complexes of 

great interest for hydrogen generation catalyst. 

In 2011, McNamara et al. investigated a cobalt-diothiolene complex for its 

resistance to hydrogenation, reversible redox reactions, and ability to undergo 



 

70 
 

multielectron chemistry for hydrogen generation, and found that the complex was 

able to generate over 2700 TONs in 1:1 H2O:ACN Ru(bpy)3
2+ and ascorbic acid 

system.4  

In 2019, Li et al. introduced complexes with a redox-active salen ligand 

that was determined to be an active photocatalyst when complexed with nickel, 

generating over 350 TONs in 5.5 hours with an eosin Y chromophore.5  

Previous studies in our lab have also shown the benefit of utilizing redox-

active ligands in first row transition metal catalysts. Wise et al. studied an active 

photocatalyst with a nickel and redox-active Bis-dithiocarbazate ligand complex 

that generated over 3300 TONs over 70 hours (Figure 3.2).6 

 

Figure 3.1. Structure of metal-salen ligand complexes.5 

 

Figure 3.2. Redox-active Bis-dithiocarbazate ligand (a) and nickel catalyst 
(b).6 
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In this chapter, we introduce a N,N’- bis(4-antipyrlmethylidene) 

ethylenediamine (BAME) ligand (Figure 3.3). The ligand can be made in a facile 

one-pot synthesis method and is easily synthesized and complexed with first row 

transition metals. While this ligand has not been found to be used in previous 

research, it contains pyrazalone moieties that have been studied for medicinal 

applications.7 It is a molecule of interest due to its Schiff base properties and 

ONNO coordination environments similar to salen ligands. BAME shows great 

promise for catalytic activity due to its redox-active nature and tetradentate-

binding abilities. Herein, we describe the synthesis and coordination of BAME 

with iron (Figure 3.4),  and the complex’s structural characterization and 

assessment of electrochemical and photochemical abilities. The iron (III) N,N’- 

bis(4-antipyrlmethylidene)ethylenediamine (FeBAME) complex is also assessed 

for its ability to generate hydrogen in impure water systems in the hopes of 

creating a photocatalytic system that can generate both energy and clean water 

via hydrogen generation from natural water sources. 

 

 

Figure 3.3. Structure of N,N’- bis(4-antipyrlmethylidene)ethylenediamine 
ligand. 
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Methods 

Synthesis of N,N’-bis(4-antipyrylmethylidene)-ethylenediamine (BAME) 

N,N’-bis(4-antipyrylmethylidene)ethylenediamine (BAME) was synthesized 

using a modified literature procedure (Figure 3.5).8 In a 100 mL round-bottom 

flask containing 4-antipyrine carboxaldehyde dissolved in ethyl acetate, a 

solution of ethylenediamine in ethyl acetate was added dropwise. The solution 

was refluxed while stirring for 4 hours and the resulting crystalline solid was 

obtained by vacuum filtration and 3 rinses of ethyl acetate. The resulting solid 

was light yellow and confirmed using NMR (Figure B2). 

 
Figure 3.4. Structure of iron (III) N,N’- bis(4-antipyrlmethylidene) 
ethylenediamine complex. 
 

 
 
Figure 3.5. Synthesis procedure for BAME. 
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Synthesis of FeBAME 

Iron (III) N,N’- bis(4-antipyrlmethylidene)ethylenediamine was synthesized 

using a modified literature procedure (Figure 3.6).9 In a 30 mL screw top vial, 

BAME was suspended in acetone. To this solution, FeCl3•6H2O dissolved in 

acetone was added dropwise. Upon metal addition, the solution turned deep red, 

and the vessel was sealed and allowed to reflux while stirring for 1 hour. The 

solution was cooled and the precipitate collected using vacuum filtration, rinsed 

with acetone, and dried over vacuum. The complex was purified for electro- and 

photochemical studies using slow diffusion by layering a highly concentrated 

solution of 3 in methanol with ethyl acetate. Red needle crystals formed over 24 

hours, the mother liquor was decanted, and the crystals were dried and collected. 

Crystals for structural characterization were made with a slow diffusion of ethyl 

ether into a highly concentrated solution of 3. The complex was characterized 

using x-ray crystallography and high resolution mass spectrometry. High 

resolution mass spectrometry for C26H28Cl2FeN6O2
+: predicted m/z=582.099473, 

observed m/z=582.099886 (Figure B3). 

 

 
Figure 3.6. Complexation of FeCl3 with BAME ligand. 
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Electrochemical Measurements: 

Cyclic Voltammetry 

All electrochemical experiments were performed under an argon 

atmosphere using CH Instruments 620D potentiostat and CH Instruments 680 

amp booster. Cyclic voltammograms (CV) were taken using a standard three-

electrode cell, including a saturated calomel electrode (SCE), platinum auxiliary 

electrode, and glassy carbon working electrode. The platinum and glassy carbon 

electrodes were polished prior to each CV using 0.05 μm alumina powder on a 

cloth-covered polishing pad and rinsed thoroughly with deionized water and 

acetonitrile. 

Scan Rate Dependence Study 

5.0 mL acetonitrile, 0.2 g tetrabutylammonium hexafluorophosphate 

(TBAPF6, 0.1M), and 0.3 mg of FeBAME (0.1 mM) were added to an 

electrochemical cell and degassed with argon for 12 minutes. CVs were taken at 

a potential range from -0.1 to -1.6 V vs Fc+/Fc with scan rates ranging from 50-

900 mV/s. 

Acid Addition Study 

5.0 mL acetonitrile, 0.2 g tetrabutylammonium hexafluorophosphate 

(TBAPF6, 0.1M), and 0.3 mg of 3 (0.1 mM) were added to an electrochemical cell 

and degassed with argon for 12 minutes. CVs were taken without acid, and after 

the addition of 10, 20, 30, 40, and 50 uL of 0.11 M trifluoroacetic acid (TFA). The 

CV was taken at a potential range from -0.1 to -1.6 V vs Fc+/Fc with a scan rate 

of 0.2 V/s. 
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Photochemical Measurements: 

Hydrogen Evolution Studies 

Hydrogen evolution was determined using test tubes with 1:1 ethanol: 

deionized water solvent, varying amounts of FeBAME, 1.8 mM fluorescein, and 

5% triethylamine (TEA, v/v%). Immediately after the addition of TEA, test tubes 

were sealed with a septa and copper wire and degassed with argon for 10 

minutes. A Hamilton syringe was used to remove 1.0 mL argon from the 

headspace of the test tube and then 1.0 mL of methane was added as an internal 

standard. The test tubes were irradiated with green light (560 nm wavelength) 

while stirring. After irradiation, 0.10 mL of headspace was removed using a 

Hamilton gas syringe and injected into a gas chromatograph to determine the 

ratio of hydrogen to methane to determine hydrogen produced. 

System Optimization Studies 

The general procedure for hydrogen evolution studies was followed while 

varying catalyst or chromophore concentration. Comparison of TONs were made 

between 5, 10, 30, 60, and 180 μL of 3 and 1.0, 1.4, and 1.8 mM fluorescein in 

EtOH solutions. Studies of best chromophore and SED pairing were also done by 

comparing the TONs between fluorescein with TEA, eosin Y with TEA, eosin Y 

and TEOA, or eosin Y and TEOA at pH 7. 
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Results and Discussion 

Crystals of 3 were obtained via slow diffusion into diethyl ether from a 

highly concentrated solution of 3 in methanol. X-ray crystallography was 

performed on a red crystal with plate morphology, and it was determined 3 had 

an orthorhombic lattice structure. The iron center had a distorted octahedral 

structure, with all Fe-N and Fe-O bonds between 2.02 and 2.13 Å, and the Fe-Cl 

bonds were slightly longer at 2.33-2.36 Å. Octahedral complexes typically have 

axial positions 180° apart and equatorial positions 90° apart. The main distortions 

in the octahedral complex occur in the O(1)-Fe-O(2) 103° bond angle and N(2)-

Fe-N(1) 76.8° bond angle, with all other bond angles within 10% difference from 

the 180° and 90° expected angles (Figure 3.7, Table 3.1). The length of the O(1)-

C(5) and O(2)-C(17) bonds are 1.27-1.28 Å, which is consistent with the length of 

a CO double bond.  

 

Figure 3.7.  ORTEP diagram of 3. Fe (orange), O (red), Cl (green), N (blue), 
C (white). Ellipsoids are at the 50% probability level and all hydrogen atoms 
have been omitted for visual clarity. 
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Table 3.1. Bond lengths and angles of Fe for 3 

Bond Bond Lengths (Å) 

Fe(1)-Cl(1) 2.3606(15) 

Fe(1)-Cl(2) 2.3339(15 

Fe(1)-O(1) 2.016(3) 

Fe(1)-N(2) 2.030(3) 

Fe(1)-N(1) 2.131(4) 

Fe(1)-N(2) 2.126(4) 

O(1)-C(5) 1.286(6) 

O(2)-C(17) 1.269(6) 

Bonds Bond angles (°) 

Cl(1)-Fe(1)-Cl(2) 175.04(5) 

O(1)-Fe(1)-Cl(1) 86.56(11) 

O(1)-Fe(1)-Cl(2) 92.15(11) 

O(1)-Fe(1)-O(2) 102.95(13 

O(1)-Fe(1)-N(1) 89.16(14) 

O(1)-Fe(1)-N(2) 165.54(14) 

O(1)-Fe(1)-Cl(1) 86.28(11) 

O(2)-Fe(1)-Cl(2) 89.34(11) 

O(2)-Fe(1)-N(1) 167.88(15) 

O(2)-Fe(1)-N(2) 91.11(15) 

N(1)-Fe(1)-Cl(1) 94.66(12) 

N(1)-Fe(1)-Cl(2) 90.11(12) 

N(2)-Fe(1)-Cl(1) 91.08(13) 

N(2)-Fe(1)-Cl(2) 91.35(13) 

N(2)-Fe(1)-N(1) 76.80(16) 
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The UV/Vis spectrum of 3 indicates absorptions at 360 and 490 nm. The 

absorption at 360 nm is indicative of a π-π* transition within the ligand and the 

absorption at 490 nm is indicative of ligand to metal charge transfer (LMCT, 

Figure 3.8).10  

Electrochemical analysis was performed on 3 to determine the 

electrocatalytic abilities. To assess 3 for the ability to reduce protons, CVs from -

0.1 to -1.6 V vs. Fc+/Fc were taken without acid and with increasing aliquots of 

0.11 M TFA. A reversible reduction event corresponding to Fe(III) to Fe(II) occurs 

at -0.43 V vs Fc+/Fc and does not shift with the addition of a proton source. This 

indicates that the reaction mechanism is ECCE or ECEC, where the primary step 

of catalysis is a reduction event (E), followed by a protonation chemical event 

(C). Upon addition of a proton source, an irreversible catalytic wave occurs at -

1.47 V vs Fc+/Fc and increases with each 10 uL 0.11M TFA addition (Figure 3.8). 

 
Figure 3.8. UV/vis spectrum of 3 in DCM. 
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Further electrochemical investigations must be done to reveal the rate-

dependance on the proton and catalyst concentrations. 

  3 was found to be catalytically active for proton reduction, as determined 

by its ic /ip of 5.27 with the addition of 1.1 mM TFA proton source. 3 was found to 

operate at an overpotential of 690 mV in 1.1 mM TFA in ACN. The overpotential 

was calculated by subtracting the literature value for proton reduction in 1 mM 

TFA from the half-wave potential of the irreversible catalytic wave of proton 

reduction.11  

Overpotential=|E1/2 wave – Eref|      

=|(-1.4 V) – (-0.71 V)| 

=0.69 V = 690 mV 

 

Figure 3.9. CV of 3 with no acid (black), and 0.22 (red), 0.44 (yellow), 0.66 
(green), 0.88 (blue) and 1.1 mM (purple) TFA.  
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After 3 was analyzed for its electrocatalytic abilities, it was then 

incorporated into a photocatalytic system to assess its ability to generate 

hydrogen using light. Two organic chromophores, fluorescein and eosin Y, were 

assessed with TEA or TEOA sacrificial electron donors. Fluorescein and TEA 

were found to be the best candidates, and Fl concentrations were found to be 

optimized at 1.8 mM. Catalyst concentration studies found the greatest TONs 

with 10 nM concentration of 3. 

 Time course studies of 3 illustrated that the photocatalyst generated 

hydrogen for over 60 hours with a maximum TON of 2,379 (Figure 3.9). This 

illustrates the longevity of 3 and implies its stability in aqueous solutions during 

irradiation.  

 

 

 
Figure 3.10. TONs over 62 hours in 2.1 mM Fl, 5% TEA, and 10 nM 3 1:1 
H2O:EtOH photochemical system. 
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Natural Water Studies: 

One ultimate goal of photocatalysts for hydrogen generation is to make 

energy more accessible to everyone. In order for this to be possible, the catalyst 

must be robust enough to be used in impure water systems, as access to 

deionized water is very limited. With this goal in mind, various water sources 

were assessed for the ability to generate hydrogen in a photocatalytic system. 

Water was collected from Lake Matoaka in Williamsburg, Buckroe Beach in 

Hampton, VA, and Virginia Beach, VA. The water was collected in a glass jar, 

sealed, and stored in a refrigerator until use. The water was then brought to room 

temperature and filtered through a celite filter under vacuum filtration to remove 

sand or precipitate, and then used in place of DI water in the photocatalytic 

system. When TEA was added to the water samples before adding to the 

photochemical cells, large amounts of white precipitate formed. Due to this 

precipitate, catalyst concentrations had to be increased to generate hydrogen. 

This explicates the need for optimization in each set of photochemical conditions. 

 The lake, bay, and sea water trials were found to generate hydrogen for 

over 30 hours, with maximum TONs reaching 803 for lake water, 269 for bay 

water, and 330 for seawater (Figure 3.10). Lake water was found to produce 

TONs of roughly half of TONs found in the optimized DI water system, which is 

consistent with TON percent decrease found in previous studies by Hartley et 

al.12 
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Conclusion 

In conclusion, a novel iron catalyst has been synthesized, characterized, 

and shown to be effective in electrochemical and photochemical proton 

reduction. 3 was shown to be more efficient than previously studied iron catalyst 

with an overpotential of 690 mV and is electrocatalytically active, with an ic /ip of 

5.27. 3 was also shown to be an effective photocatalyst in a system consisting of 

a fluorescein chromophore and TEA sacrificial electron donor, and exhibited over 

2,300 TON over 60 hours. Testing in natural water sources proved 3 to be a 

 

Figure 3.11. TONs over 30 hours for lake (red) , bay (green), and sea (blue) 
waters.  
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robust photocatalyst that is able to generate hydrogen in impure systems, 

implying that the catalyst has potential to be used in non-laboratory settings for 

clean energy generation and water purification in many parts of the world and 

beyond. 3 has shown great potential for HER catalysis and may be a good 

candidate for further research and modification studies. Future research may 

include complexing BAME with other transition metals. Complexing with non-

redox-active metals, such as zinc, can allow for electrochemical assessment of 

the noninnocence of the BAME ligand. Future complexes may also be assessed 

for catalytic ability in the hydrogen evolution reaction, oxygen reduction reaction, 

and CO2 reduction reaction.  
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Appendix B 

Turnover number (TON) is defined as the moles of product generated per mole 

of catalyst. To determine the TON for hydrogen generated by our catalyst, a 

calibration curve has been developed by injecting a known amount of hydrogen, 

as well as the internal standard, methane, into the gas chromatograph (GC). The 

ratio of the obtained hydrogen and methane peaks are then plotted versus the 

volume of injected hydrogen. The calibration curve used for this study resulted in 

a slope of 0.0044 and is used to determine the volume, and therefore moles, of 

hydrogen generated from the system.7 The equation is as follows: 

𝜇𝐿 𝐻2 =
1

0.0044
(

𝐴𝑟𝑒𝑎 𝐻2

𝐴𝑟𝑒𝑎 𝐶𝐻4
) 

 
 
Figure B1. Calibration curve relating μL hydrogen generated to the ratio of the 

area of H2 to CH4 peaks in GC 
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Figure B2. 1H NMR of BAME ligand with integrations and shifts. 
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Figure B3. High resolution mass spectrometry results of 3. The expected 
molecular ions were observed with a difference of less than 1 ppm. 
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Figure B4. Scan rate study of 3 with scan rates varying from 50-900 mV/s. 



 

89 
 

  

 

FIgure B5. CV of BAME ligand in 0.1 M TBAPF6 and ACN 
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Table. B1 

Chromophore/ 
electron donor 

Fl/TEA EY/TEA EY/TEOA EY/TEOA pH 7 

TON with 60 nM 3 208 51 46 0 

 

  



 

91 
 

 
 

 

 
Figure B6. TON vs. [Fl] (mM) with 30 nM 3 and 5% TEA in 1:1 H2O:EtOH 
after 24 hours. 
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Figure B7. TON vs. [3] (μL) with 1.8 mM Fl and 5% TEA in 1:1 H2O:EtOH 

after 24 hours. 
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Figure B8. CV of 3 before (black) and after (red) the addition of 
1.1mM TFA used to determine ic /ip of 5.27 
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Table B2. Crystal data for 3 

 

 


