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Abstract 
 

The importance of addressing environmental issues such as lowering the emission of greenhouse 

gases, preventing eutrophication of aquatic life due to high concetrations of nitrogen oxyanions, 

and producing sustainable energy is at an all-time high. With a concentration on employing earth 

abundant metals, a Mn(I) complex was synthesized with an integrated photocatalyst in an 

attempt at developing a new electrophotocatalytic system. Additionally, a Ni(II) pincer complex 

was synthesized and structurally and computationally characterized as well as observed to 

perform electrocatalytic hydrogen generation in water. Lastly, with inspiration from the Ni(II) 

pincer complex, two macrocyclic complexes, one with a Ni(II) center and the other with a Co(II) 

center, were structurally characterized and observed to electrocatalytically reduce aqueous nitrite 

at neutral pH. DFT calculations were also performed to elucidate the nitrite reduction reaction 

mechanism. 
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Chapter 1: Introduction 
 

Motivation: 

 

  With society’s energy demands dramatically increasing over the past few decades, 

there has been an upward spike in waste production, greenhouse gas emissions, and human-made 

nitrogen resulting from the industrialization of chemical processes in order to meet these needs. 

Two problems in particular that garner widespread attention across the globe are the emission of 

CO2, a thermodynamically stable greenhouse gas that contributes to global warming, and excess 

nitrogen from fertilizer runoff which can form nitrates and nitrites that pollute waterways and 

contribute to an increase in an excess of nitrogen in the global nitrogen cycle.1-4 Because of this, 

there has been widespread efforts to develop methods of mitigating and reversing the damage 

done to the Earth’s environment because of these industrial chemical processes.5-9  Due to the 

thermodynamic stability of both CO2 and NO2
-, scientists have looked towards the development 

of innovative catalytic systems to reduce these environmentally hazardous chemicals into useful 

products.7-11 

CO2 as a Greenhouse Gas & Its Reduction  

 The Earth faces a dangerous problem as the monumental amount of CO2 emitted into the 

atmosphere increases along with the further acidification of oceans due to them being one of the 

largest sinks of atmospheric CO2 on Earth. Competition for the depleting fossil fuel reserves is 

also only increasing leading to a one of the world’s largest sources of energy becoming 

increasingly expensive, and eventually unattainable.12,13 In contrast, CO2 does have the potential 

to be an abundant and renewable C1 feedstock with a variety of applications. Thus, the catalytic 

conversion of this thermodynamically stable compound to useful fuels has the potential to 
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balance the amount of CO2 across the globe and provide an avenue for further scientific 

innovation.  

 The reduction pathway of CO2 has many endpoints, most commonly, CO2 reduction 

reactions end in the production of carbon monoxide (CO), methanol, formaldehyde, and formic 

acid (HCOOH).14 Due to the extremely strong C=O bond, with a bond energy of 750 kJ/mol, the 

reduction of this abundant yet thermodynamically stable compound is known to be challenging. 

The use of electrochemical reduction to pursue the one electron reduction of CO2 to CO2
- 

boasts 

a potential of -2.14 V (vs SCE) which is not a favourable route. Other methods of CO2 reduction 

employ the use of a proton donor to assist with multiple electron transfer (MET) reactions. From 

the table below, the use of a proton donor for MET is more favourable with respect to the 

previous pathway.15-17  

Table 1: Reduction Potentials of Common CO2 Reduction Reactions (CO2RR) 
CO2RR Scheme Reduction Potential for MET (Eº (V vs SCE)) 

CO2 + 2H+ + 2e- → CO + H2O -0.77 V 

CO2 + 8H+ + 8e- → CH4 + 2H2O -0.48 V 

CO2 + 2H+ + 2e- → HCOOH -0.85 V 

 

Although the reduction potential of these reactions has become more positive, and thus more 

favourable, when related to Gibb’s free energy (G = -(nFEº), these reactions are       

non-spontaneous.  

The use of homogeneous molecular catalysts as a method to reduce the energy required to 

reach the activation barrier, and thus reduce the overpotential of the CO2 reduction reactions has 

become widespread as scientists aim for carbon neutrality. These molecular catalysts serve to 

overcome the kinetic barrier by promoting proton-coupled electron transfer (PCET) and 
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activating CO2. PCET occurs through the transfer of electrons from one atom to another, so 

instead of reducing at -2.14 V (vs SCE) in single electron reduction, or -0.77V (vs SCE) in MET 

for CO2 to CO, a catalyst would be reduced at a much lower potential and would transfer 

electrons directly to CO2 thereby reducing it for a fraction of the energy cost. Catalysts allow for 

CO2 to bind to the metal center leading to intramolecular electron and proton transfer which is 

quicker and requires less energy.17  

 
Figure 1: Depiction showing the different pathways between 1) electron transfer, 2) proton 

transfer, and 3) proton-coupled electron transfer (PCET). PCET occurs in essentially one step as 

opposed to discrete electron and proton transfer mechanisms which occur in two.  

   

NO3
- and NO2

- as Water Contaminants and their Reduction  

 Because of the massive scale of the Haber-Bosch process, the global nitrogen cycle has 

seen a dramatic increase in human-made nitrogen content which has begun to overshadow the 

production of bioavailable nitrogen.18 While the Haber-Bosch process is a necessity for the 

planet’s growing population, due to the significance of the ammonia produced for use in 

ammonia-based fertilizers, there has been detrimental side-effects on the planet’s ecosystems. 

One of these side effects is fertilizer run off which makes its way into waterways, lakes, rivers, 

and oceans which fertilize blooms of algae, resulting in oxygen depletion in these bodies of 

water, thus rendering them as aquatic dead zones. Along with eutrophication, nitrogen oxyanions 

like nitrite pose a significant health risk towards both aquatic and land organisms. Nitrites, 

although typically short-lived, can cause diseases such as brown blood disease which leads to the 

poisoning and accelerated death of fish if they experience prolonged exposure to high 
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concentrations. 19 However, nitrite poisoning is not exclusive to aquatic life. When nitrite 

concentrations are high enough in the human body to enter the blood stream, it can oxidize 

hemoglobin, leading to a condition called methemoglobinemia which prevents the hemoglobin 

from delivering oxygen to cells.19,20 There are other potential harmful results of high nitrite 

levels in the body such as birth defects, thyroid disease, and colon cancer. 19 Because of these 

effects, governments and scientists have invested resources into methods to mitigate the amount 

of nitrogen oxyanions that may end up in lakes and our drinking water. 

 One of the potential remedies to this widespread problem is the electrochemical reduction 

of nitrite into valuable chemical building blocks like NH2OH and NH3, and inert materials such 

as N2. Like CO2, the reduction of NO2
- can take several routes resulting in various products.11 

 
Figure 2: Generic depiction of the electrochemical reduction of NO2

- to various products 

 

To make the electrochemical reduction of NO2
- more efficient, transition metal 

complexes are being employed as a method of not only reducing this harmful chemical, but also 

to elucidate the mechanisms of these transformations. Depending on the catalyst, several 

products are available, and are often in competition. Also, depending on the pH of the solution, 

the formation of certain products may be favoured over others.21,22 For instance, the reduction of 

protons, a hydrogen evolution reaction (HER), is pH dependent and are often in competition with 
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nitrate and nitrite electroreduction reactions. It has been shown that in acidic media, HER can 

lower the Faradaic efficiency of the nitrate/nitrite reduction reaction. Additionally, Xing et al. 

demonstrated that in alkaline media (lower availability of H+), the reduction of nitrate halts at 

NO2
- whereas in acidic media (higher availability of H+) nitrite reduction is favoured and leads to 

reduction products such as NH4
+, N2, N2O, etc. Thus, the use of buffer systems in nitrate and 

nitrite reduction reactions is a necessity to control the pH of the system and aid in revealing 

mechanistic insights towards pH dependent product formation. Smith et al. also showed that 

some buffers have an impact on the reaction mechanism by participating as an intermolecular 

proton shuttle, thus opening doors towards more intricate catalytic nitrite reduction systems.23  

Earth Abundant Metals as Catalysts 

As chemistry leans towards a more environmentally responsible, green approach, 

researchers have placed increasing emphasis on developing catalysts that are efficient and 

sustainable. Sustainability has become an increasingly important characteristic of molecular 

catalysts based on factors such as abundance and price. The most abundant of these metals are 

Fe, Ni, and Co with natural abundances of 32%, 1.8% and 0.88% respectively.24 Other transition 

metals such as Mn, Cu and Mo are often easy to obtain and are relatively sustainable compared 

to precious metals like Re, Ir, and Ru which have concentrations in the parts-per-billions. Due to 

the abundance of these metals, it is not surprising that they are commonly explored for reactivity 

in many catalytic transformations like nitrate and nitrite reduction reactions, CO2 reduction 

reactions, water splitting and hydrogen evolution reactions, cross-coupling reactions, 

polymerisations, and many others.8,25-29  
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Scope and Content of this Thesis 

This thesis consists of three projects each of which focus on a broadly targeted area of 

electrocatalysis using earth abundant metals as the catalyst center to promote sustainability. 

Specifically, chapter 2 focuses on the reduction of CO2 gas to value-added products, chapter 3 on 

the production of H2 from water, and chapter 4 on the reduction of nitrite to useful chemical 

building blocks. Each of these areas presents a significant challenge that society faces with 

respect to improving the overall quality of the environment and human health.  

The first project was aimed at using electrophotocatalysis to reduce CO2 by employing a 

transition metal complex bearing an integrated chromophore on one of its ligands. The approach 

behind this endeavour was to exploit the extreme reducing power of a photocatalyst in its radical 

anionic state, and by attaching it directly to a −conjugated ligand, with the goal of increased 

lifetime and reaction rate.  

The second project explored the use of water as a renewable and green proton source and 

solvent to generate H2 using a Ni(II) diiminopyridine complex. Part of this project investigated 

the mechanism of how this metal complex performed hydrogen generation in both aqueous 

solution and organic solution using acetonitrile and trifluoroacetic acid (TFA) as the proton 

donor.  

The third project was a new endeavour for our group which looked at reducing nitrite 

(NO2
-) in neutral aqueous solution using a Ni or Co macrocyclic complex featuring a 

diiminopyridine core. Part of this project was to elucidate the nitrite reduction mechanism to help 

us understand part of the nitrogen cycle.  
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Chapter 2: Attempts at Developing an “Electrophotocatalytic” System 

Introduction:  

 The use of photocatalysis for the catalytic conversion of CO2 has been utilized for 

decades and is a well-established field in chemistry. Part of the attraction of photocatalysis is due 

to the use of light as a low-cost and sustainable method to activate reaction pathways. Apart from 

these benefits, photochemistry in general is relatively easy to access and setup.1-3 A typical 

photocatalytic system is constructed  in the following way: A light source which provides an 

unlimited amount of light at a specific wavelength which is used to initiate the reaction cycle by 

photoexciting a photosensitizer (PS*) which is reductively quenched by a sacrificial electron 

donor (SED) that provides electrons to the photosensitizer  (PS-). The reduced PS- transports 

electrons to a catalyst reducing it, and converting this species into an active catalyst ready to 

react with a substrate.  One of the limiting factors of using this approach is having to use a 

sacrificial electron donor (SED) since they are non-recyclable and are converted to waste once 

they transfer the electron.4,5 Another key issue with a photocatalytic setup is having to depend on 

the collision and subsequent interaction between photosensitizer and catalyst which can limit 

their reactivity and overall product yield.  

 Electrocatalysis on the other hand utilizes electricity to supply electrons to a catalyst to 

initiate the catalytic cycle. One of the main objectives of electrocatalysis is to reduce the 

electrical potential necessary for reactions to occur which can provide a greener and sustainable 

alternative of supplying electrons when compared to using a sacrificial electron donor in a 

photocatalytic system. However, to supply electrons using electricity requires a large amount of 

energy which is not a very economical approach. Thus, the employment of electrocatalysts to 
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reduce the potential required to initiate and speed up a reaction has become commonplace in 

electrolysis.6,7 

 The design of a catalytic system has many concerns, and an economical approach plays a 

large part in the consideration of materials used in designing such a system. Many 

electrocatalytic and photocatalytic systems use transition metal complexes for the transfer of 

electrons; however many of these systems employ precious metals such as rhenium, iridium and 

ruthenium which are not very cost efficient or sustainable when considering abundancy and 

potential to scale up a reaction system.8-10  

 
Figure 1: Examples of well-known transition metal catalysts containing a precious metal.  

 

In order to address these issues, chemists often look seek catalysts that have metals that are more 

Earth abundant and accessible. Metals such as Mn which have a concentration of 750 ppm are 

considered relatively Earth abundant. For comparison, ruthenium, iridium, and rhenium make up 

only 1.18 ppm, 840 ppb, and 60 ppb of the Earth’s mass.11 Thus, with sustainability and 

accessibility in mind, we chose to prepare an Mn complex as a potential catalyst.  

Electrophotochemistry  

Lambert et al. recently published a successful attempt at employing the principles of 

tandem cathodic reduction and photoexcitation of a known photosensitizer to act as a strong 

reducing agent. In their work they utilized dicyanoanthracene (DCA) which has a reduction 

potential of E1/2 = -0.82 V (vs SCE), but as a radical anion has a reducing power of -3.20 V (vs 
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SCE). The extremely high reducing power of this radical anion is speculated to be due to a 

SOMO-HOMO inversion that takes place, resulting in a half-filled bonding orbital and filled 

anti-bonding orbital (Figure 2) leaving the electronic structure of the radical anion of DCA to be 

highly unstable.12  

 

Figure 2: Generic depiction of the electrochemical reduction and tandem photoexcitation 

of dicyanoanthracene (DCA).  

 

We attempted to take advantage of this approach and to use the radical anion DCA to reduce a 

catalyst, which would then reduce CO2 into useful products. Unfortunately, we did not have 

success in this effort.  

This type of electrophotocatalysis was also explored by Wickens et al. with the use of 

several photoreductants that demonstrated extreme reducing potentials when experiencing 
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tandem electrolysis and photolysis. The Wickens group put to the test four photocatalysts for the 

radical coupling of aryl chlorides that are shown in Figure 3.13  

 

Figure 3: Photocatalysts used for the radical coupling of aryl chlorides. 

During experimentation, they found that NpMI was the highest performing photocatalyst which 

could provide a reduction potential as high as -3.40 V (vs SCE) when reduced and photoexcited. 

NpMI is also easily reducible with an Ered of -1.30 V (vs SCE) thus offering the possibility of  

providing a low potential input with a stronger reduction potential upon excitation. This concept 

was demonstrated by the high yields during aryl chloride phosphorylation and heteroarylation. 

With the success of NpMI as an effective reducing agent capable of reaching extremely negative 

potentials, we aimed at incorporating this valuable characteristic into a ligand. 

Our strategy for mitigating the effects of low lifetime and collisions between molecules 

was to attach the photosensitizer to an electrocatalyst that was documented to be successful for 

CO2 reduction. This concept was previously reported by Castello et al. when they demonstrated 

the effectiveness of having an organic chromophore and metal complex bichromophore system.  
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Figure 4: Metal complex bearing the PhenNI (or NIphen) ligand. NI is the naphalimide portion 

of the ligand.  

 

After investigation, they found that the bichromophore system increased the triplet lifetime up to 

3000-fold when compared to using just the organic chromophore due to thermal equilibrium 

between 3MLCT-3LC.14 With the intention of taking advantage of the extreme reducing power of 

NpMI that the Wickens group demonstrated and the increased lifetime that the NIphen ligand 

provided by having a photocatalyst as part of a metal complex, we thought it would be 

worthwhile to determine whether we could use these properties for the reduction of CO2 and 

generation of H2. 

Overview 

In this chapter, we will explore our attempts at combining the methods and characteristics 

of both photocatalysis and electrocatalysis to design a system that can simultaneously reduce and 

photoexcite a photosensitizer with a reduction potential lower than that of a known CO2 reducing 

electrocatalyst.  

Results & Discussion: 

Synthesis and Structural Characterization  

 For this project we aimed to synthesize a non-traditional photocatalyst using an earth 

abundant metal that has previously been demonstrated to electrochemically reduce CO2. Our first 

target was the synthesis of the PhenNI ligand.  
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Scheme 1: Reaction scheme for the synthesis of PhenNI 

 

 

Synthesis of 5-nitro-1,10-phenanthroline (A): 

To a solution of 1,10-phenanthroline dissolved in 30 mL sulfuric acid, 15 mL of fuming 

nitric acid was added slowly at 160 ºC. The solution was kept stirring at 160 ºC for 3 hours then 

carefully poured into ice water. Saturated NaOH solution was added until the pH was adjusted to 

3, and the target molecule precipitated. The product was filtered and washed with cold water 

then dried in vacuo. The proton NMR spectrum (Figure 5) is in accordance with the literature.15  

 
Figure 5: 1H NMR spectrum of 5-nitro-1,10-phenanthroline in CDCl3. 

 

Synthesis of 5-amino-1,10-phenanthroline (B): 

While stirring, 3.6 g (0.016 mole) of A was added to 15.2 g (0.08 mole) of SnCl2 dissolved in 46 

ml of conc. hydrochloric acid . The solution was stirred for 1 h at 80 - 90 ºC then cooled and 
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treated with a 40% solution of NaOH followed by addition of 250 g of crushed ice. The residue 

was filtered off, washed with water to a neutral pH, and recrystallized from ethanol. The proton 

NMR spectrum (Figure 6) is in accordance with the literature.16 

 

 
Figure 6: 1H NMR spectrum of 5-amino-1,10-phenanthroline in CDCl3.  

 

Synthesis of PhenNI ligand:  

 

4.4 mmol of 5-Amino-1,10-phenanthroline (B), 4 mmol 1,8-naphthalic anhydride, and 25 mL of 

glacial acetic acid were added to a 50 mL pressure vessel and heated to 150 °C for 24 hours. 

After cooling to RT, 15 mL of distilled water was added to the solution and the light brown 

precipitate was filtered on a glass frit. The solid was washed with 200 mL of water and dried 

overnight in vacuo to give an off-white solid. The proton NMR spectrum is in accordance with 

the literature.17 
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Figure 7: NMR spectrum of PhenNI in CDCl3 with identified peaks.  

 

With confirmation that we made the PhenNI ligand (Figure 7), our next target was the synthesis 

of a documented CO2 reducing electrocatalyst. It is well known that Mn(bipy)CO3X (X = Br, Cl) 

are capable of electrochemically reducing CO2 at very negative potentials (Ered = -1.5V to -2.5V 

vs Ag/Ag+) depending on the bound alpha-diimine ligand.18 Our concept behind this is to replace 

the bipy ligand with PhenNI (Scheme 2) and electrochemically reduce the naphathalimide (NI) 

component followed by subsequent photoexcitation which could provide a large enough negative 

reduction potential for the Mn(I) center to carry out CO2 reduction. 

Synthesis of MnPhenNI (1):  

 

  
Scheme 2: Reaction scheme for the synthesis of MnPhenNI 
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The manganese-PhenNI complex was synthesized by stirring solution with a 1.1:1 molar 

ratio of the 1,8-naphthalic anhydride-N-1,10-phenanthroline (PhenNI) ligand to Mn(CO)5Br 

dissolved in dichloromethane in the absence of light and air. Obtaining crystals suitable for x-ray 

diffraction is currently an ongoing investigation.  

 
Figure 8: 1H NMR Spectrum of MnPhenNI in Acetone-d6. The sample was prepared in a 

glovebox free of air and moisture and wrapped with aluminum foil to keep it from reacting with 

light.  

 

UV-Vis Electronic Spectrum 
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Figure 9: UV-Vis spectrum of Mn-PhenNI in CH3CN 

  

After the use of 1H NMR spectroscopy to provide evidence that the complex was synthesized 

(Figure 8), a UV-Vis measurement on MnPhenNI (Figure 9) was carried out in order to 

determine the wavelength of light that would be used to photoexcited the “naphthalene imide” 

chromophore during catalytic experimentation, and to provide us further evidence that the 

complex was made. The NI chromophore has a ligand-centered  – * transition at 332nm which 

lines up to the literature. The maximum absorbance peaks at 225nm and 265nm match the 

literature for the Mn(II)(1,10-phenanthroline) complex.19 The broad featureless peak at 413nm is 

the d(Mn) – *(phen) MLCT transition.19 With the evidence provided by both NMR and UV-

Vis, we were confident we made the correct complex.   

Since we are aiming to simultaneously reduce and photoexcite the PhenNI, we would be looking 

to use light at a wavelength of about 330nm which would be in the range of  UV light.  

Electrochemical Characterization and “Electrophotocatalysis” 

 Cyclic voltammetry experiments were conducted in the absence of light on MnPhenNI 

which revealed 5 reduction peaks at -1.44, -1.65, -1.98, -2.41, and -2.74 V and two oxidation 

peaks at -1.57 and -2.63 V. Although there are several redox events present, we were only 

concerned with two of them in which the phenNI ligand is reduced and the complex shows 

catalytic current enhancement with the addition of a proton donor under both N2 and CO2. 

According to Tschierlei , et al., the reversible reduction peak at E1/2 = -1.60 V (vs. Fc0/Fc+) 

corresponds to the attached phenNI ligand, and lines up perfectly with reversible peak at -1.60 V 

in CV found in Figure 10.20  
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Figure 10: CV of MnPhenNI in CH3CN (vs. Fc0/Fc+) under inert dinitrogen atmosphere with 0.1 

M TBAPF6 as the supporting electrolyte. 

 

 To further understand the reactivity of MnPhenNI, CV experiments with increasing 

aliquots of water were done to determine whether it can generate hydrogen using water as a 

proton source. Under a dinitrogen atmosphere, there was an apparent current enhancement at E = 

-2.74 V (vs. Fc0/Fc+). After 0.5 mL of water was added to the system, the enhancement began to 

decline and revert to enhancement like that of when the system had 0.3 mL of water introduced 

to it (Figure 11 below). Having the reduction peak of PhenNI at a significantly less negative 

potential (-1.60 V (vs Fc0/Fc+) compared to the enhancement in current from the addition of 

water at -2.74 V (vs. Fc0/Fc+) indicated to us that there is a possibility in utilizing this attached 

photosensitizer to our advantage.  
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Figure 11: CV of MnPhenNI in CH3CN (vs. Fc0/Fc+) under inert dinitrogen atmosphere with 

increasing aliquots of water with 0.1 M TBAPF6 as the supporting electrolyte. 

 

We also conducted CV experiments with MnPhenNI to determine if there is any catalytic activity 

when CO2 is introduced to the system as a substrate. A change in electrochemical activity 

occurred after the introduction of CO2 which resulted in a cathodic shift (shifted more negative) 

of the reduction peaks which is an expected signature for complexes with CO2 reduction 

capabilities. The enhancement in the last reduction peak occurs in an area similar to that of other 

Mn(alpha-diimine) species that reduce CO2. With this change in activity, we decided to continue 

investigating the reactivity of this complex when a proton source was introduced. Interestingly, 

after addition of water as a proton source, the complex lost almost all its electrochemical 

characteristics (Figure 13 below). This led to confusing results as it did not seem to be consistent 

with the electrochemical reduction of CO2 by Mn(I)(1,10-phenanthroline)CO3Br and other 

Mn(alpha-diimine) species demonstrated by Bocarsly et al.19  
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Regardless of this outcome, we decided to move forward with CPE experiments to further 

confirm  the catalytic activity of this complex.  

 

 
Figure 12: CV of MnPhenNI in CH3CN (vs. Fc0/Fc+) under N2 and CO2 atmosphere water with 

0.1 M TBAPF6 as the supporting electrolyte. 
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Figure 13: CV of MnPhenNI in CH3CN (vs. Fc0/Fc+) under CO2 atmosphere with increasing 

aliquots of water with 0.1 M TBAPF6 as the supporting electrolyte. 

 

The results for this endeavour are summarized in Table 1. All reactions were setup in an 

air- and moisture-free glovebox with 15 mL of dry CH3CN, 1 mM complex, and 1.0M TBAPF6 

as the supporting electrolyte. All reactions were run for 18 hours under the specified light and 

electrode potential.  

Table 1: Table of Results for the “Electrophotocatalytic” attempts. 
 Proton 

Donor 

Substrate Electron 

Donor 

E (V vs. 

Fc
+

/Fc
0

) 

Light µmol H2 µmol 

CO 

1 H2O CO2 - -1.6 Blue 4.0 - 

2 H2O CO2 - -1.6 Blue 14 - 

3 H2O N2 - -1.6 Blue 2.4 - 

4 H2O N2 - -1.6 UV - - 

5 H2O CO2 - -1.6 UV - - 

6 H2O CO2 TEA - Blue - - 

7  H2O N2 TEA - Blue - - 

8 H2O CO2 TEA - UV - - 

9 H2O N2 TEA - UV - - 

 



 24 

In general, the experiments were carried out at -1.60 V (vs. Fc0/Fc+) under either a N2 or CO2 

atmosphere with a 20:1 ratio of CH3CN:H2O solution. These measurements documented the 

formation of H2 as the only observed gas phase product. Measurements 1 through 3 showed H2 

as the main product albeit in an underwhelming yield with a maximum value of 14.3 µmol when 

blue light was employed in tandem with potential applied at E = -1.60 V (vs. Fc0/Fc+). 

Interestingly, experiment 2 yielded the most H2 even though the CV (Figure 13 above) showed 

degradation of the complex when water was introduced to the CO2 saturated system. Because of 

this result, we speculate that some of MnPhenNI complex did happen to be reduced by a 

photoexcited NI-anion leading to the reduction of water. However, since the reaction resulted in 

such a low yield this was unlikely the case. After such a low yield of H2, we thought maybe the 

NI portion of the ligand was not being reduced properly. It was at this point we decided to 

determine whether our system was flawed by utilizing a sacrificial electron donor like in a 

typical photochemical experiment (Entries 6 – 9). Unfortunately, this led to no positive results 

either.  

When comparing the results between entries 4 and 5 to 8 and 9, the experiments that 

employed UV light which is in the range at which the NI chromophore absorbs light, there was 

also no positive result showcasing catalytic activity. Additionally, throughout experimentation, 

the colour of the solution gradually shifted from bright yellow to deep orange, and then to 

colorless with white precipitate. We speculated that the NI chromophore was not being exposed 

to enough light to be photoexcited and thus was not able to reach its radical intermediate state 

meaning providing an electron for it to be reduced it would lead to no activity. However, after 

investigation, it was found that Mn(I) complexes with bound CO and diimine ligands react 

negatively to photolysis in the UV light range which results in dissociation of both the diimine 
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and CO ligands from the metal.21 Due to this discovery we decided to halt further 

experimentation and discontinue the project.  

 

Conclusions and Future Work 

 

 These results demonstrated the lack of ability for the MnPhenNI complex to act as a 

catalyst for CO2 reduction and H2 generation using the electrophotocatalytic method due to its 

degradation from UV light and when irradiated with blue light, showed no signs of catalysis. In 

the future, the use of a more robust and well-established complex, such as one using a rhenium(I) 

complex highlighted by Castellano et al. would potentially be an avenue worth pursuing. 

Additionally, the use of a photocatalyst not bound to the 1,10-phenanthroline ligand that has 

already been shown to exhibit extreme reducing power, such as NpMI, would be an interesting 

venture as to whether these compounds can reduce transition metal complexes and enable them 

to activate and reduce CO2. 

Experimental: 

Electrochemistry and Electrophotochemistry 

All cyclic voltammetry experiments were carried out in a single compartment cell of 

approximately 50 mL volume under an atmosphere of dinitrogen. Samples were prepared a 

glovebox, sealed, and covered in tinfoil to protect the sample from light during cyclic 

voltammetry. Measurements were carried out using a VersaSTAT  (Princeton Applied Research) 

potentiostat. A conventional three electrode system was employed consisting of a glassy carbon 

electrode (diameter = 0.4 cm), used as the working electrode, a Pt wire, or a glassy carbon rod as 

the counter electrode, and a silver wire as the pseudo-reference electrode was used and 

referenced to the ferrocene/ferrocenium couple internal standard. For bulk electrocatalytic 

experiments, a glassy carbon rod (diameter = 0.4cm; length = 2cm) was used as the working 
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electrode, a coiled Pt wire as the auxiliary electrode, and were referenced to a silver wire acting 

as a pseudo-reference electrode. 

For the Electrophotochemistry experiments, the electrochemical setup remained the same 

however with the addition of either a blue LED light or the use of a Xenon lamp providing white 

light which was used to access the UV-light region.  
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Chapter 3: Electrocatalytic Hydrogen Production in Neutral Water using an 

Aqueous Ni(II) pincer complex 

 

Preamble and Context: 

This chapter is based on a project that was initiated by Somayeh Norouziyanlakvan (SN), a PhD 

student in the lab. This work has been published in Catalysis Science and Engineering and can be 

accessed at https://doi.org/10.1039/d2cy01504h . My major contributions were to perform all 

controlled potential coulometry experiments, gas analysis, product characterization and 

quantification, and all figures related to those tasks. These experiments were key to completion 

of this project. SN performed the initial complex synthesis and characterization and the first 

electrochemical measurements that indicated catalytic behavior. DFT calculations and their 

analysis were performed by Dr. Darrin Richeson (DR) with feedback from both SN and myself. 

The manuscript was prepared by DR, SN and myself. 

Introduction:  

Energy consumption in today’s rapidly expanding economy and worldwide population is 

a topic of increasing significance. While energy demands have been largely met through fossil 

fuel combustion, it is now established that the resulting greenhouse gases that are emitted into 

the atmosphere are a leading cause of climate change and harmful to life on Earth. Hydrogen can 

provide a clean source of energy that could address these issues. The electrocatalytic hydrogen 

evolution reaction (HER) from water, could provide a sustainable and green approach to 

providing renewable energy.   

In this context, researchers strive to discover and evaluate efficient catalysts for HER 

with a particular focus on employing earth abundant metal complexes for this goal. While some 

https://doi.org/10.1039/d2cy01504h
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hydrogen evolution catalysts require large negative potentials and acidic conditions to operate, 

there are reported molybdenum, cobalt and nickel complexes that are capable of hydrogen 

generation at less negative potentials.1–7 Unfortunately, most of these catalysts are only soluble 

in organic solvents or utilize organic acids to achieve H2 production. A more sustainable 

approach and a challenging ongoing effort targets hydrogen generation catalysts that are soluble 

in water and require no added proton sources. There are a limited number of reported 

electrocatalysts that are active for HER in neutral water.8–15 Long. et al. reported a molybdenum-

oxo catalyst for generating hydrogen from water without any added acid or organic cosolvents 

with a high turnover number (TON).16 In 2011, Chang. et al. reported a cobalt complex 

supported by a pentadentate polypyridyl ligand “PY5Me2” which showcases a 100% Faradaic 

efficiency and high stability and activity for the HER from neutral water.17  

 

Scheme 1: Catalysts bearing the PY5Me2 ligand used for HER. 

Nickel complexes are attractive targets for the HER in an aqueous environment partly 

due to the role of Ni in hydrogenase enzymes as well as their documented activity as hydrogen 

evolution catalysts.18,19 We envisioned that appropriate ligand design could be employed to 

prepare Ni complexes as water soluble catalysts. For example, diiminopyridine (DIMPY) ligands 
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are well-known pincer ligands that support a wide range of metal complexes and are established 

as non-innocent ligands, which are capable of operating as an electron reservoir and often exhibit 

high catalytic activity and selectivity.20 Furthermore, Ni complexes of these ligands are well-

known and are often stable in aqueous solution. Finally, Ni DIMPY complexes are reported to be 

effective catalysts for H2 production. However, these reports are either in organic solvents or 

acidic aqueous media.14,21,22 As a result of these features we undertook to investigate the HER 

activity of a simple Ni(II) diminopyridine complex in neutral pH, aqueous saline solution and 

discovered that this compound produced hydrogen from water at potentials as low as -1.0 V 

versus. Ag/AgCl electrode.  

Results & Discussion: 

The target complex [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br2] (1) was readily prepared by 

adding NiBr2 to a room temperature toluene solution of the diiminopyridine ligand, 2,6-

{PhNCMe}2(NC5H3) as shown in Fig. 1.  In addition to the synthesis, SN obtained the single 

crystal X-ray analysis of this orange product, and the results are shown in Fig. 1.  

 

 

Ni 

Br1 
Br1’ 

N2 N2’ 

N1 
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Figure 1: Reaction scheme for the preparation of [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br2] (1) and a 

representation of the single crystal XRD structure of 1 with selected atoms labeled and 

hydrogens atoms omitted for clarity. 

 

Although this compound had previously been reported in the literature it had not been 

structurally characterized.23 The structural analysis confirmed that compound 1 presented a 

trigonal bipyramidal Ni(II) center with a coordination environment consisting of a neutral planar 

tridentate diminopyridine and two bromo ligands (Fig. 1). Selected bonding parameters are given 

in Table 1. Not surprisingly, the bonding parameters were similar to the dichloro analogue, 

[Ni(κ3-2,6-{PhNCMe}2(NC5H3)Cl2].22 

Table 1:  Selected Bond lengths (Å) and angles (°) for (1). 

Bond lengths [Å] 
 

Bond angles [°]  

Br(1)-Ni(1) 2.3967 N(1)-Ni(1)-N(2) 78.1 

Ni(1)-N(1) 1.947 Br(1)-Ni(1)-N(1) 112.41 

Ni(1)-N(2) 2.114 Br(1)-Ni(1)-N(2) 96.40 

N(1)-C(3)  1.338 Br(1)-Ni(1)-Br(2) 135.18 

N(2)-C(4)  1.278(4) Ni(1)-N(1)-C(3) 118.8 

N(2)-C(6) 1.436(4) Ni(1)-N(2)-C(4) 114.7 

C(1)-C(2) 1.381 Ni(1)-N(2)-C(6) 123.7 

C(2)-C(3) 1.388(4) C(4)-N(2)-C(6) 121.5(3) 

C(4)-C(5) 1.491(5) C(3)-C(4)-C(5) 119.8(3) 

 

Interestingly and consistent with a five-coordinate Ni(II), 1 was paramagnetic in the solid 

state. However, in solution, compound 1 gave a 1H NMR spectrum consistent with a symmetrical 

ligand and suggesting autoionization to yield a low-spin diamagnetic Ni(II) species, [Ni(κ3-2,6-

{PhNCMe}2(NC5H3)Br]+ (1’+) schematically represented in Figure 2.  14,22,24  Support for these 
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observations came from attempts to computationally optimize structure 1 (DFT, B3LYP, def2-

TZVP) using the PCM model for solvation in acetonitrile, which resulted in spontaneous 

dissociation of one of the Br- ligands and rearrangement of the Ni center to a square planar 

geometry (Figure 2). 

 

Figure 2: Structural figures for compounds 1’+  and the result form computational optimization.  

 (DFT, B3LYP, def2-TZVP) using the PCM model for solvation in acetonitrile.  

 

In coordinating solvents, such as water, these cations are known to undergo a subsequent 

ligand substitution reaction of the bromo ligand by water to yield square planar Ni aquo species 

[Ni(κ3-2,6-{PhNCMe}2(NC5H3)(OH2)]2+, 1’(OH2)2+ (Figure 3).14 This aquo complex was also 

successfully optimized, confirmed by frequency calculations, yielding a structure that is the 

complement of 1’+ (Fig. S3, Table S4). These results support that in polar/coordinating solvents 

1 is a precursor to square planar Ni(II) species. 
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Figure 3: Computationally optimized [Ni(κ3-2,6-{PhNCMe}2(NC5H3)(OH2)]2+ (1’(OH2)2+) 

(DFT, B3LYP, def2-TZVP, PCM in water).  

 

 

Electrochemical Characterization 

The initial electrochemical characterization was carried out by SN and was performed on a 1mM 

solution in anhydrous acetonitrile with 0.1M Bu4NPF6 as the supporting electrolyte and using a 

glassy carbon (GC) working electrode, Pt counter electrode, and an  Ag pseudo-reference 

electrode, which was externally referenced to the Fc+/0 couple. The resulting cyclic 

voltammogram (CV) is displayed in Figure 4. As shown in the blue trace, 1’+ displayed two 

reversible reduction events with E1/2 = -0.75V and -1.15 V versus. Fc+/0. Both redox events 

displayed a linear relationship of the square root of scan speed (1/2) versus current (i) consistent 

with a diffusion-controlled process. 25  
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Figure 4: (a) Cyclic voltammogram of [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br]+ (1’+) (1mM) in 

CH3CN with 100mM TBAPF6 using a glassy carbon (GC) working electrode.  Potentials are 

referenced to Fc/Fc+. A quasireversible and reversible reduction peaks were observed with E1/2 of 

-0.75 V and -1.15 V, respectively. The gray markers represent application of the method of first 

principles to the blue curve. Minima denote inflection points in the catalytic curve and indicate the 

associated onset potential and current enhancement. (b) Cyclic voltammogram of ferrocene (1mM) 

as a reference in CH3CN with 100mM TBAPF6 using a glassy carbon (GC) working electrode. 

The DEp value was 131mV.  

 

All these observations are consistent with reported electrochemical characterization of 

related diiminopyridine Ni(II) species. The first reduction has been assigned to addition of an 

electron to a ligand centered orbital while the second electron is placed in a metal-centered (dx2-

y2) orbital.14,22 These results were confirmed by a computational optimization of the doubly 

reduced species, [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br]- (1’-), which gave a triplet state with one 
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singly occupied molecular orbital (SOMO) being a ligand -centered * orbital delocalized across 

the pyridyl (48%) and imine (40%) moieties and the other being a metal-centered SOMO  

dominated by Ni dx2-y2 (41%) that  was * in nature. 

A central goal of our efforts is to employ water as a sustainable and green solvent and this 

prompted the electrochemical characterization of the aquo complex [Ni(κ3-2,6-

{PhNCMe}2(NC5H3)(OH2)]2+, 1’(OH2)2+ that would be generated by dissolving 1 in water. A 

CV of an aqueous solution of 1 (1mM) with KBr (100mM) as supporting electrolyte under 

cathodic potentials is shown in Fig. 5(a). Identical measurements were obtained in water and in 

aqueous phosphate buffer (pH=7). Here, two irreversible reduction events along with a single 

oxidation were observed. To more accurately assign the onset potentials for these reductions the 

reduction potential inflection points were identified by the derivative of the E vs. i plots using the 

method of first principles. These inflection points were used for the assignment of the potentials -

0.95 V and -1.05 V versus. Ag/AgCl.26 Significantly, the two reductions follow the Randles–

Ševčík equation, yielding a linear relation for i versus. 1/2 as expected for a homogeneous 

diffusion-controlled process at the electrode/solution interface. 

  
Figure 5: Cyclic voltammogram of complex [Ni(κ3-2,6-{PhNCMe}2(NC5H3)(OH2)]2+ 

(1’(OH2)2+)  (1mM) in presence of 100mM KBr in H2O using a glassy carbon (GC) working 

electrode, Ag/AgCl reference electrode. (a) Using a Pt counter electrode with (orange) and 

without (blue) 0.3M phosphate buffer pH=7. (b) Comparison of using Pt or GC counter electrode 

under the same conditions. Reductions at -0.95 V and -1.05 V and oxidation at -0.5V. 
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The nature of the doubly reduced aquo species (1’(OH2)) was examined through a 

computational optimization using the B3LYP functional, def2-TZVP basis set with the PCM 

solvation model in water. Frequency analysis validated that this led to a minimum structure. As 

observed for 1’+, the lower energy electronic state for 1’(OH2) was a triplet state. The frontier 

orbitals of 1’(OH2) are shown in Figure 6 and were dominated by five metal centered d orbitals 

and two * orbitals of the ligand. The two singly occupied molecular orbitals (SOMOs) are 

constituted from the Ni dx2-y2 that was * in nature and a * ligand centered on pyridyl and 

imine groups. The next four lower energy molecular orbitals (MO 98-101) were Ni centered dxy 

dyz, dxz and dz2, respectively, and consistent with a square planar ligand field. This 

interpretation suggests that the starting Ni(II) species, [Ni(κ3-2,6-{PhNCMe}2NC5H3)(OH2)]2+ 

(1’(OH2)2+), was reduced to a formally d9 Ni(I) complex bearing a negatively charged 

diiminopyridine ligand, [Ni(κ3-2,6-{PhNCMe}2NC5H3)(OH2)] (1’(OH2)). As expected, the 

reduced complex displayed slightly decreased ligand/metal Mayer bond orders and increased 

bond distances compared to the original cation, 1’(OH2)2+ (Table 2). 

Table 2: Selected bond parameters for computationally optimized [Ni(3-2,6-

{PhNCMe}2NC5H3)(OH2)]  (1’(OH2)). The product of the second reduction of 1’(OH2)2+). 

Bond Length(Å) Mayer Bond order 

Ni-Npy 1.913 0.6058021 

Ni-Nimine 2.087 0.4681138 

Ni-Nimine 2.127 0.4131332 

Ni-O 2.101 0.2051176 
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Figure 6: Frontier molecular orbitals obtained for the optimization of [Ni(κ3-2,6-

{PhNCMe}2NC5H3)(OH2)] (1’(OH2)), the second reduction of (1’(OH2)2+). Obtained using the 

B3LYP functional, def2TZVP basis set and PCM model for solvation in water. Major fragment 

orbital contributions were visualized using the Chemissian program using a 0.03 isosurface. 

 

 

 

 

 

 

 

 

 

MO104 LUMO  

0.44 py, 0.43 imine 

MO102 SOMO 

x2-y2 0.51Ni 

MO100 

xz 0.84 Ni 

MO98 

xy 0.79Ni 

MO103 SOMO 

0.44 py, 0.41 imine 

MO101  

z2 0.97 Ni 

MO99 

yz 0.88N 



 39 

Electrocatalytic H2 Production  

The examination of the ability of 1 to function as a precatalyst for electrocatalytic H2 

generation was first examined in nonaqueous polar solvents. Dissolution in acetonitrile 

(MeCN), led to the cationic species [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br]+ (1’+). The 

literature contains reports that related complexes are capable of reducing acidic protons to 

hydrogen and we found that 1’+ was able to generate H2 using trifluoracetic acid (TFA) as 

the proton source in MeCN. Figure 7 shows the effect of added TFA on the cyclic 

voltammograms of acetonitrile solution of 1’+ and indicates a large catalytic wave at E = -

1.20 V versus Fc+/0.  

Figure 7: Cyclic voltammograms of 1’+ (1mM) in presence of TBAPF6 (100mM) in CH3CN using 

a GC working electrode (blue) and with various concentrations of trifluoroacetic acid (TFA). 

Potentials were referenced Fc+/0.   

The overpotential for the proton reduction can be determined by first calculating the 

theoretical proton reduction potential value, ET
1/2, in acetonitrile, obtained from equation 1, 

and subtracting this value from the experimental onset potential.27,28 For TFA in 

acetonitrile, the pKa value is 12.7 and the homoconjugation constant, Kc is 103.7, 𝜀𝐷  is the 
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relative diffusion rate of products to reactants, C0 is the concentration of proton source, and 

C0
H2 is the maximum concentration of H2 in solution. Using these values the ET

1/2 is -645 

mV corresponding to an overpotential of 555 mV for 1’+.  

ET
1/2 = E0

H+/H2 – (
 2.303𝑅𝑇

𝐹
)pKa + eD+ ( 

𝑅𝑇

 2𝐹
 )ln(Kc

2C0C0
H2 ) (1) 

The effect of increasing TFA concentration on the catalytic current, icat, and the TFA 

concentration dependence of icat/ip were also determined. A plot of catalytic current (icat) as 

a function of acid concentration revealed an initial linear acid concentration dependence 

that begins to plateau at ~0.5M TFA where the reaction shifts to a pseudo-zero order rate 

indicative of saturation conditions (Figure 8).   
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Figure 8: a) Cyclic voltammograms of [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br]+ (1’+) with varying 

concentrations of TFA in CH3CN with 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) supporting electrolyte at 100 mV/s using a glassy carbon (GC) working electrode.  (b) 

Corresponding plot of icat/ip vs TFA concentration. 

 

This relationship can be expressed using equation 2 where TOF is the catalyst 

turnover frequency and n is the scan rate.29,30 In the case of 1’+ at  = 100 mV/s the TOF 

for hydrogen production from TFA at -1.2V of 639 s-1.  

𝑖𝑐𝑎𝑡

𝑖𝑝
=

2

0.446
√

𝑅𝑇(𝑇𝑂𝐹)

𝐹𝜐
 (2) 

A controlled potential coulometry (CPC) experiment demonstrated that under these 

conditions and over 2 hours, 1’+ catalytically produced 512µmol of H2 with an 85% 

Faradaic efficiency (FE).  

Our next avenue of investigation was to shift the hydrogen source to water which 

represents a sustainable source for H2 production and provides an ideal solvent for the 

electrocatalytic reaction. Therefore, we initiated an exploration of the ability of Ni(3-2,6-

{PhNCMe}2NC5H3)(OH2)]
2+ (1’(OH2)2+) for electrocatalytic hydrogen generation in 

aqueous solutions. Clearly the consumption of protons from water would lead to an increase 
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in hydroxide ions and an increase in solution pH. This was documented by two experiments. 

First, the pH of a controlled potential coulometry experiment with 1’(OH2)2+ was 

monitored for 2 hours and showed a steady increase of pH from 6.5 to 7.2. Second, the 

current response during a controlled potential electrolysis was monitored for both buffered 

(0.3M phosphate, pH 7) and unbuffered solutions of 1’(OH2)2+. The buffered solution 

displayed a substantial increase in current compared to the unbuffered system. Importantly, 

the presence of buffer had no significant effect on the CV behavior of 1’(OH2)2+ as 

previously shown in Figure 5(a). 

Electrocatalytic hydrogen production with 1’(OH2)2+ was confirmed by coulometry 

in buffered (pH 7) saline (KBr) solution at -1.1 V versus Ag/AgCl. The effect of using a 

buffered solution resulted in a significant quantitative effect for H2 production leading to a 

ten-fold increase in H2 and an improvement in Faradaic efficiency to 96% (Table 3).  

 

Table 3: Bulk results for 1 at -1.0V (V vs. 3.0M KCl Ag/AgCl) with varying catalyst 

concentrations and times.  

[cat] (mM) 

E (V vs. 

Ag/AgCl) time (h) µmol H2 

Faradaic 

Efficiency (%) Solution 

1 -1.1 2 4.43 89 No buffer 

0.5 -1.1 2 34.74 76 0.3M Phosphate buffer 

1 -1.1 2 45.43 96 0.3M Phosphate buffer 

1 -1.1 18 415 23 0.3M Phosphate buffer 

1 -1.2 2 110 78 0.3M Phosphate buffer 

2 -1.2 2 19.17 77 0.3M Phosphate buffer 

 

 

The catalytic behavior of 1’(OH2)2+ and the absence of interference from the Pt 

counter electrode was further supported by two CPC measurements - one carried out in the 

absence of added complex, which yielded only trace amounts of H2 and another in which a 
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GC rod was used as the counter electrode and where 40mmol of H2 (FE = 72%) was 

produced in 2 hours.  

The homogeneous behavior of 1’(OH2)2+ was further supported by several control 

experiments. Repeated linear sweep voltammetry measurements of the catalyst/substrate 

systems were carried out to confirm catalytic current enhancement. Following these 

sweeps, the electrode was removed, carefully rinsed with clean solvent, and placed into a 

fresh solution containing substrate but no catalyst. Voltammetry measurements on these 

catalyst free systems did not exhibit any electrochemical events, indicating that the catalyst 

had not deposited on the electrode surface following electrolysis. These measurements 

indicated that the catalyst had not transformed during electrolysis. Finally, CV 

measurements on aqueous solutions of 1 (0.5 to 1mM) with 100 mM KBr showed an 

increase in peak current with an increase in nickel concentration, which is consistent with 

a homogeneous system. 

Proposed Mechanism for H2 Production from Water 

A proposed mechanism for the catalytic H2 generation by 1’(OH2)2+ is presented in 

Figure 9. DFT Calculations provided additional support for this proposition with [Ni(κ3-

2,6-{PhNCMe}2(NC5H3)Br2] (1) as a precatalyst. As shown in Figure 9, the square planar 

d8 complex [Ni(κ3-2,6-{PhNCMe}2(NC5H3)OH2)]
2+ (1’(OH2)2+) arises from the 

dissolution of 1 in water. The production of H2 at -1.1V versus Ag/AgCl correlates with the 

second reduction of 1’(OH2)2+ and computations supported that this doubly reduced species 

a triplet state with the frontier orbitals shown in Fig. 6.  

At this stage the 1’(OH2) is an electron-rich, basic complex that can abstract a proton from water.  

The highest energy lone electron pair is a nonbonding pair in a Ni-centered dz2 orbital (Fig. 6, 
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MO 101). Addition of a proton to this site would lead to a cationic species [Ni(κ3-2,6-

{PhNCMe}2(NC5H3)(OH2)(H)]+, shown as A in equation 3. Attempts to carry out a 

computational optimization for the proposed species A using B3LYP/def2TZVP and modelling 

with water solvation, spontaneously led to a rearrangement with loss of the coordinated aquo 

ligand and formation of square planar hydride species, [Ni(3-2,6-{PhNCMe}2NC5H3)H]+ 

(Ni(II)H). 

 

Figure 9: A computationally supported (B3LYP/def2TZVP/PCM(water)) proposed mechanism for 

the electrocatalytic hydrogen evolution from [Ni(κ3-2,6-{PhNCMe}2(NC5H3)(OH2)]2+ with H2O 

as the substrate and solvent.  

This proposed species has the Ni center in a divalent oxidation state and a d8 configuration. A 

molecular orbital analysis confirmed that the HOMO is Ni-centered and largely dz2 in character 
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with the LUMO derived from a * MO on the pyridyl and imine groups. The remaining metal d-

centered orbitals reflect the ligand field splitting expected for a square planar Ni.  With the highest 

energy electron pair in a dz2-based MO, proton abstraction from water could be envisioned as the 

next reaction step.  

Equation 3: Addition of a proton to the Ni dz2 leading to the formation of a cationic species 

Once again, addition of a proton to Ni along this z-axis with an attempted computational 

optimization (B3LYP/def2TZVP/PCM(water)) of such a proposed species resulted in a smooth 

impromptu molecular rearrangement to a minimum energy structure as a dihydrogen complex, 

[Ni(3-2,6-{PhNCMe}2NC5H3)(H2)]+ (Ni(II)(H2)) (Fig. 9). Simple substitution by water and 

release of H2 from Ni(II)(H2) regenerates the NiII, d8 starting material, 1’(OH2)2+ , to close the 

cycle. 

Proposed Mechanism for H2 Production from TFA in Acetonitrile  

A computational analysis informed our proposed mechanism and suggested some key 

differences from the reaction observed in water. The results of this analysis are presented in Figure 

10. Again, starting from [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br2] (1) as a precatalyst the square planar 

d8 complex [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br)]+ (1’+) arises from the dissolution of 1 in 

acetonitrile. The production of H2 at -1.2V versus Fc+/0 corresponds to the second reduction of 1’+ 
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and calculations supported that this doubly reduced species exists in a triplet state ground state 

with SOMO orbitals.  

 

 

Figure 10: A computationally supported (B3LYP/def2TZVP/PCM(acetonitrile)) proposed 

mechanism for the electrocatalytic hydrogen evolution from [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br]+ 

with TFA as the substrate and acetonitrile as the solvent.  

This electron-rich, basic complex highest energy lone electron pair is a 

nonbonding pair in a Ni-centered dz2 orbital. Addition of a proton to this site and 

allowing the complex to freely optimize using B3LYP/def2TZVP resulted in a ready 

rearrangement releasing one of the pincer ligand arms, forming a square planar hydride 

species, [Ni(2-2,6-{PhNCMe}2NC5H3)BrH] (Ni(II)BrH). This proposed species has the 
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Ni center in a divalent oxidation state and a d8 configuration. The addition of a second 

proton to Ni, along this z-axis, followed by a computational optimization 

(B3LYP/def2TZVP/PCM(acetonitrile)) resulted in the smooth uninitiated rearrangement 

to yield a minimum energy structure as a dihydrogen complex, [Ni(2-2,6-

{PhNCMe}2NC5H3)Br(H2)]
+ (Ni(II)Br(H2)). After formation of the proposed dihydrogen 

complex, simple coordination of the free imine arm would release H2 and regenerate the 

starting species, completing this cycle.   

Conclusions 

The work reported in this chapter has revealed some fundamental and practical 

features for electrocatalytic hydrogen generation from water employing a unique, air-stable 

Ni species. This Ni (II) complex, [Ni(κ3-2,6-{PhNCMe}2(NC5H3)Br2] (1), was 

demonstrated to be a competent pre-catalyst for H2 production with neutral water as a 

substrate and solvent. Furthermore, this was expanded to include the use of 1 in nonaqueous 

solvent (acetonitrile) with TFA as a substrate. These experimental results were supported 

by DFT computational analysis, which revealed the important role of the ligand as electron 

reservoir in the reduction step as well as parallel but different reaction paths for the two 

hydrogen formation pathways.  

 

Experimental: 

General Methods 

Reactions were performed using standard Schlenk techniques under a flow of N2 gas. All 

solvents were sparged with nitrogen then dried by passage through a column of activated 

alumina using an apparatus purchased from Anhydrous Engineering. Deuterated solvents were 
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dried using activated molecular sieves. All other chemicals were purchased from Sigma-Aldrich 

and used without further purification. Dried acetonitrile was purchased from Sigma-Aldrich and 

stored on molecular sieves in a glovebox.  

Electrochemistry 

All cyclic voltammetry experiments were carried out in a single compartment cell of 

approximately 50 mL volume under an atmosphere of dinitrogen. Samples were prepared in 

open-air, sealed, connected to a Schlenk line, and purged with a nitrogen atmosphere. 

Measurements were carried out using a VersaSTAT  (Princeton Applied Research) potentiostat. 

A conventional three electrode system was employed consisting of a glassy carbon electrode 

(diameter = 0.4 cm), used as the working electrode, a Pt wire, or a glassy carbon rod as the 

counter electrode, and an Ag/AgCl electrode was used as a reference electrode. For bulk 

electrocatalytic experiments, a glassy carbon rod (diameter = 0.4cm; length = 2cm) was used as 

the working electrode, a coiled Pt wire as the auxiliary electrode, referenced to Ag/AgCl 

electrode. 

Complex Synthesis 

Synthesis of complex 1 and additional computational details can be found here: 

https://doi.org/10.1039/d2cy01504h 

Gas Chromatography analysis 

Gas samples for the detection of H2 were taken from the headspace of the 50 mL reaction flask 

using a an air-tight 250 µL volume syringe. The syringe was filled to the 250 µL mark and 

injected into a Shimadzu GC-2014 gas chromatogram with a thermal conductivity detector to 

identify the presence of H2. Using known concentrations of H2, a calibration curve was made 

using the area of the H2 peaks that were detected by the GC-TCD. 

https://doi.org/10.1039/d2cy01504h
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Chapter 4: Reduction of Nitrite with Earth Abundant Water Soluble Molecular 

Electrocatalysts 

Overview 

In this chapter, we explore the electrochemical reactivity of two earth abundant 

macrocyclic complexes. With inspiration from the redox-active diiminopyridine ligand backbone 

in chapter 3 and the water solubility of the complex, we decided to attempt to exploit these 

further. Our initial targets for investigating the reduction of nitrite are represented by 1 and 2a.  

*Calculations and associated figures were done by Joshua Brown and the initial synthesis of 

complex 2 was performed by Somayeh Norouziyanlakvan. 

Introduction:  

Due to the substantial increase in world population of the last few centuries, a need for 

more agricultural resources has skyrocketed. To feed the population’s constant and growing need 

for food, the Haber-Bosch process was invented and industrialized for the primary use of 

synthesizing ammonia for use in fertilizers. However, because the Haber-Bosch process is 

producing such large amounts of ammonia, there has been a dramatic increase in man-made 

nitrogen content being introduced into the global nitrogen cycle. While the Haber-Bosch process 

is a necessity for the planet’s growing population due to the significance of the ammonia 

produced for use in ammonia-based fertilizers, there have been detrimental side-effects on the 

planet’s ecosystems due to the unnatural increase in nitrogen content in the nitrogen cycle.1-4 

Because of this, ecosystems can begin to experience eutrophication resulting in damage to 

aquatic life and bodies of water and potentially humans. As a potential remedy, scientists have 

begun conducting research into methods such as the electroreduction of nitrogen oxyananions 
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(NO3
- and NO2

-) to reduce the amount of manmade nitrogen content in the environment and to 

aid in understanding the nitrogen cycle and the transformations that occur within it.5,24 

Recently, a number of nitrite-reducing transition metal catalysts particularly using Fe and 

Co metal centers have been reported.6-11 With the importance of sustainably managing the 

concentration of waste water contaminants such as nitrite and nitrate, molecular catalysts are a 

promising route to explore. Specifically, exploring catalysts for the reduction of nitrite (NO2
-) 

and the elucidation of its reaction mechanisms would bring valuable insight into the global 

nitrogen cycle. 

Ligand Selection 

A common characteristic of metal-centered complexes that participate in homogeneous 

nitrate and nitrite reduction reactions is the use of a redox-active moiety in the ligand design. 

Additionally, intramolecular proton shuttles, typically secondary amines which are bound to the 

metal, are incorporated into the ligand. Together, these two are speculated to reduce reaction 

barriers to allow for catalytic nitrite reduction to occur. 6,10 A recently published literature review 

of advancements in the field of electrocatalytic nitrite reduction listed a variety of different 

metal-ligand frameworks providing different product selectivity with no clear trend as to how it 

was achieved. However, rational catalyst design with characteristics such as electronic structure 

and conjugated pi-systems, spatial structures, etc. remains a key element in modifying reaction 

selectivity for homogeneous nitrogen oxyanion reduction catalysis.5  
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Scheme 1: Various reported homogeneous nitrite reducing electrocatalysts that incorporate an 

intramolecular proton shuttle and redox active moiety (excluding D which has only a redox-

active moiety).5 

 

 When selecting a potential ligand to explore electrocatalytic nitrite reduction, several 

factors were considered such as synthetic difficulty, whether the resulting catalyst would be 

homogeneous or heterogeneous, and an associated target reaction product.  

The work described in this chapter was inspired by our previous results for 

electrocatalysis from [Ni(κ3-2,6-{PhNCMe}2(NC5H3))Br2], as described in Chapter 2, and the 

reported catalytic reduction ability of complexes A and C. These compounds share a similar 2,6-

diimine pyridine backbone. This ligand family has a well-established history in homogeneous 

catalysis, and they can be synthetically accessed by a simple condensation reaction to form a 

variety of different structures. Furthermore, diiminopyridines (DIMPY) are non-innocent ligands 

that have been documented to be capable of acting as electron reservoirs due to their two 

characteristic highly delocalized and low-lying * orbitals which lead to bonding character 

similar to that of singlet biradical behaviour. This behaviour allows the DIMPY ligand to accept 

electrons from metal d-orbitals.12-14 Additionally, the diiminopyridine ligand backbones have 

been demonstrated to produce catalysts that exhibit high product selectivity and high stability in 

a variety of catalytic transformations like hydrogenation and hydrosilylation reactions, HER, and 

polymerization reactions.15-20 Finally, with respect to aqueous nitrite reduction, the 

diiminopyridine scaffold is attractive due to the fact that complexes of this ligand are 

documented to be soluble in water. Coordination of Ni(II) with the diiminopyridine ligand  

yields a square planar conformation which allows the metal ample access for coordination of the 

nitrite anion to the Ni center.16,21,22 
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Results & Discussion: 

Synthesis and Structural Characterization of Complexes 

By employing appropriate diamines in the condensation with 2,6-diacetylpyridine to 

generate Schiff base ligands, it is possible to prepare macrocyclic versions of the diiminopyridine 

ligands. In general, to promote the formation of the cycle, a metal center is used as a templating 

agent in this process.  This general process is represented in Scheme 2. As anticipated, the metal 

templated reaction between Ni(II)Cl2 and a stoichiometric amount of 2,6-diacetylpyridine and 

3,3’-diamino-N-methyldipropylamine followed by anion exchange with perchlorate, resulted in a 

bright red violet precipitate of complex 1 (Scheme 3). Crystallization was achieved by layering 

diethyl ether on a solution of 1 dissolved in acetonitrile to yield bright red needle crystals. 

 
Scheme 2: Generic synthesis of a macrocyclic diiminopyridine ligand.  

 
 

Scheme 3: Synthesis of Ni(II) (2,12-trimethyl-3,7,11,17-tetraazabicyclo [11.3.1]heptadeca-

1(17),13,15-triene)(ClO4)2 (1) (or NiDIMPYNME). 

 

Figure 1 depicts the results of the X-ray structural analysis of complex 1 showing only 

the cationic metal complex portion of the structure. The perchlorate counterion is not shown.  

The Ni(II) complex consists of the expected tetradentate macrocyclic ligand that is coordinated 
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to the Ni center in a distorted square planar arrangement as seen in Table 1, the bond angles 

between O(6)-Ni(1)-N(1 through 4) add up close to 360 degrees. One perchlorate anion is 

coordinated to the Ni center perpendicular to the plane defined by the ligand. Interestingly, the 

bond between the Ni metal center and perchlorate anion has a length of 2.499 Å which is rather 

long. We speculate that the perchlorate is bound only in the solid state and dissociates 

immediately upon 1 dissolving in a solvent. This speculation is supported by DFT calculations 

(Figure 26) and will be discussed later.    

 
Figure 1: Structural representation for compound Ni(II) (2,12-trimethyl-3,7,11,17-tetraazabicyclo 

[11.3.1]heptadeca-1(17),13,15-triene)(ClO4)2 (1) obtained from single crystal X-ray analysis. 

Hydrogen atoms and the second perchlorate anion have been omitted for clarity.  
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Table 1: Comparison between SC-XRD experimental data and M06L optimized computed 

values for internuclear distances (Å) and bond angles (°). 
Bond (Å) SC-XRD Experimental Bond 

Length (Å) 

M06L Computed Bond 

Length (Å) 

Ni(1)-O(6) 2.499(4) 2.245 

Ni(1)-N(1) 1.926(4) 1.941 

Ni(1)-N(2) 1.830(4) 1.837 

Ni(1)-N(3) 1.921(4) 1.941 

Ni(1)-N(4) 1.947(4) 2.001 

N(4)-C(13) 1.491(7) 1.474 

Bond Angles (°) SC-XRD Experimental Bond 

Angles (°) 

M06L Computed Bond Angles 

(°) 

O(6)-Ni(1)-N(1) 93.04 99.58 

O(6)-Ni(1)-N(2) 106.07 112.58 

O(6)-Ni(1)-N(3) 88.84 88.67 

O(6)-Ni(1)-N(4) 88.69 87.36 

 

A similar reaction was employed to target the Co(II) analogue of 1. In this case the reaction 

between 2,6-diacetylpyridine and 3,3’-diamino-N-methyldipropylamine was carried out using 

CoCl26H2O as the template species. The violet-coloured powder was crystallized by dissolving 

the product in a minimum amount of hot distilled water and left to cool and evaporate to leave 

deep red needles. (Scheme 4). This reaction has been previously reported in the literature and the 

authors reported that the result was a Co-methylene species that presumably arose from a CH 

deprotonation step. Unfortunately, the data reported by these authors was not complete and since 

this material was paramagnetic, we relied on single crystal X-ray analysis to determine the 

molecular structure of this reaction product.23  
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Scheme 4: Synthesis of  2a & 2b (or CoDIMPYNMe). 

The results of a single crystal X-ray analysis of this Co complex are displayed in Figures 

2 and 3. In fact, the single crystal of this reaction product displayed two different Co structures, 

2a being Co(II) and 2b Co(III). In both cases the Co complex is a cationic species with charge 

compensation from remote perchlorate counter anions. The first Co cationic complex, show in 

Figure 2, was the simple targeted macrocycle supported CoCl cation. Like complex 1, the 

macrocyclic N4 ligand was coordinated in a planar fashion to the Co(II) center. The coordination 

environment of the Co(II) is completed by a Cl- ligand to give a distorted square pyramidal 

geometry which is supported by the SC-XRD experimental bond angles in Table 2 which add up 

close to 360° for the square plane of the bound N4 ligand.  
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Figure 2.  Structural representation for compound Co(II) (2,12-trimethyl-3,7,11,17-

tetraazabicyclo [11.3.1]heptadeca-1(17),13,15-triene)(ClO4)Cl (2a) obtained from single crystal 

X-ray analysis. Hydrogen atoms and the co-crystallized perchlorate anion have been omitted for 

clarity.  

 

Table 2: Table of experimental SC-XRD values for internuclear distances (Å) and bond angles 

(°). 
Bond (Å) SC-XRD Experimental Bond 

Lengths (Å) 

Co(1)-N(1) 1.938(2) 

Co(1)-N(2) 1.966(2) 

Co(1)-N(3) 1.934(2) 

Co(1)-N(4) 1.834(2) 

Co(1)-Cl(1) 2.358(6) 

N(2)-C(4A) 1.511 

Bond Angles (°) SC-XRD Experimental Bond 

Angles (°) 

Cl(1)-Co(1)-N(1) 92.36 

Cl(1)-Co(1)-N(2) 98.58 

Cl(1)-Co(1)-N(3) 91.43 

Cl(1)-Co(1)-N(4) 103.35 

 

The second Co complex, which was crystallized along with the first as a 50/50 mix, is shown in 

Figure 3. Unlike the first Co complex, the macrocyclic N4 ligand is now coordinated with an 

additional methylene bridge such that N(2)-C(4A)-Co(1) makes a closed three-membered ring. 

Due to the addition of another anionic bonding entity, there is speculation that the oxidation state 

of the Co center has changed now from Co(II) to Co(III) and has a coordination environment like 

that of a distorted octahedron. However, further investigation into this matter yielded another 

potential result for this structure which would be an agostic interaction between a hydrogen atom 
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attached to C4A and the Co metal center. Comparing the bond distances between the M-C4A 

bonds for an agostic interaction and with a methylene bridge, one would expect them to be 

significantly different if one option is more favourable than the other. However, this was not the 

case as both M-C distances were similar at 1.968(7) Å for the potential structure with an agostic 

interaction, and 1.960(7) Å for the potential structure methylene bridge. Thus, currently we are 

uncertain on the structure and as to whether the Co metal center is Co(II) or Co(III).  

 
Figure 3. Structural representation for compound Chloro-2,12-dimethyl-3,7,11,17-tetra-

azabicyclo[11.3.1]- heptadeca-1(17),2,11,13,15-pentaen-7-ylmethyl-cobalt(III)- perchlorate 

monohydrate (2b) obtained from single crystal X-ray analysis. Hydrogen atoms apart from those 

on C4A have been omitted for clarity. The unbound perchlorate anion has also been omitted for 

clarity. 

 

Table 3: Table of experimental SC-XRD values for internuclear distances (Å) and bond angles 

(°). 
Bond (Å) SC-XRD Experimental Bond 

Length (Å) 

Co(1)-N(1) 1.938(2) 

Co(1)-N(2) 1.966(2) 
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Co(1)-N(3) 1.934(2) 

Co(1)-N(4) 1.832(2) 

Co(1)-Cl(1) 2.358(6) 

Co(1)-C(4A) 1.960(7) 

N(2)-C(4A) 1.402(6) 

Bond Angles (°) SC-XRD Experimental Bond 

Length (°) 

Cl(1)-Co(1)-N(1) 92.36 

Cl(1)-Co(1)-N(2) 98.58 

Cl(1)-Co(1)-N(3) 91.43 

Cl(1)-Co(1)-N(4) 103.35 

 

Electrochemical Characterization & Electrocatalysis 

With compounds 1 and 2a,b in hand, we set out to perform the electrochemical 

characterization and examine their potential as nitrite-reducing electrocatalysts. In acetonitrile, 1 

displays two reversible reduction peaks at E1/2 = -0.52 V and E1/2  = -1.10 V (Figure 4). For both 

peaks the Ep = 0.1 V. After initial characterization in CH3CN, the electrochemistry of 1 was 

examined in aqueous media to test reactivity for NO2
- reduction reactions.  
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Figure 4: CV of 1 in CH3CN under inert dinitrogen atmosphere with 0.1 M TBAPF6 as the 

supporting electrolyte. 

 

A similar set of CV experiments were performed on the complex mixture 2a,b. 

Unfortunately, we have not separated the two co-crystallizing species and thus there are some 

limits on the electrochemical characterization. In any case, Figure 5 shows that under an inert 

dinitrogen atmosphere in acetonitrile, the 2a,b mixture exhibited three reversible redox events at 

E1/2  = -0.4 V, -1.0 V, and -1.52 V vs. Ag/AgCl.  
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Figure 5. CV of 2a,b in CH3CN under inert dinitrogen atmosphere with 0.1 M TBAPF6 as the 

supporting electrolyte. 

 

Our goal was to examine the catalysis capabilities of these complexes for reduction of 

aqueous nitrite solutions. A key consideration before beginning this effort is to realize that the 

reduction reaction involves a proton-coupled step and, therefore, for a successful catalytic 

reaction the control of the reaction solution pH will likely be important. Specifically, a buffer 

derived from 4-morpholinepropanesulfonic acid (MOPS buffer) was chosen as a non-

coordinating buffer and to target a pH of 7 (pKa = 7.02). The CV for 1 in water/MOPS (pH 7) is 

displayed in Figure 6. As indicated by the CV, complex 1 exhibites two irreversible reduction 

events at E = -0.89 V and -1.00 V. 

 
Figure 6: CV of 1 in water/MOPS (pH 7) under inert dinitrogen atmosphere with 0.1 M KCl as 

the supporting electrolyte. 

 

The stability and homogeneity of these reductions was assessed by measuring the scan rate 

dependence of the current for the first and second reduction peaks (Figures 7 and 8) for complex 

1 in water with 50 mM MOPS buffer. The results of these measurements are shown in Figures 7-
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10. The linear relationship obtained for the square root of the scan-rate vs. peak current is 

consistent with the Randles-Ševčík equation and supports a diffusion-controlled process.16  

 

 
Figure 7: Scan rate dependence of the first reduction peak for complex 1 in water under inert 

dinitrogen atmosphere with 0.1 M KCl as the supporting electrolyte. 

 

 
Figure 8: Plot of the square root of the scan rate (V/s)1/2 of the first reduction peak for complex 1 

vs. the peak current. 
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Figure 9: Scan rate dependence of the second reduction peak for complex 1 in water under inert 

dinitrogen atmosphere with 0.1 M KCl as the supporting electrolyte. 

 

 
Figure 10: Plot of the square root of the scan rate (V/s)1/2 of the second reduction peak for 

complex 1 vs. the peak current. 
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With these features established, the effect of incremental addition of NaNO2 to a reaction 

cell containing 100 mM MOPS buffer and 1 was investigated. From Figure 11, after the initial 

addition of NaNO2 into the system, there is a significant current enhancement at the second 

reduction event indicative of a catalytic process taking place.  

 
Figure 11: CV of 1 in water under inert dinitrogen atmosphere with 0.1 M KCl as the supporting 

electrolyte with increasing [NaNO2] in a 100 mM MOPS buffered solution at pH 7.  

 

Continued additions beyond 100 mM NaNO2 to the reaction system resulted in only 

small current increases (Figure 12).Further addition of NaNO2 led to a decline in current back to 

levels like that when 600 mM was added, it is expected at some point that saturation will be 

reached and there will no longer be current enhancement. With this observation it is clear that 

complex 1 is capable of electrocatalytically reducing nitrite; however there is a limit to its 

performance as a catalyst.  
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Figure 12: a) CV of 1 in water under inert dinitrogen atmosphere with 0.1 M KCl as the 

supporting electrolyte with increasing [NaNO2] in a 100 mM MOPS buffered solution. b) Plot of 

the effect of how increasing the concentration of NaNO2 affects current enhancement for 1. Data 

values of current were taken at points corresponding to -1.05 V. 

 

 

a) 

b) 



 67 

Scan rate dependence measurements were run on complex 1 under catalytic conditions 

consisting of 100 mM MOPS buffer and 10 mM NaNO2 (Figure 13). The plot of the square root 

of the scan-rate vs. peak current  (Figure 14) displayed a linear relationship, which is consistent 

with a diffusion-controlled process.16  

 
Figure 13: Scan rate dependence of the second reduction peak in a catalytic environment for 

complex 1 in water under inert dinitrogen atmosphere with 0.1 M KCl as the supporting 

electrolyte. 
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Figure 14: Plot of the square root of the scan rate (V/s)1/2 of the second reduction peak in a 

catalytic environment for complex 1 vs. the peak current. 

 

Further assessment of the reaction conditions was carried out through several control 

experiments, which were used to demonstrate the requirement of catalyst 1, MOPS buffer, and 

substrate (sodium nitrite) in the reaction system. A cyclic voltammogram for a catalyst-free 

system of 100 mM MOPS and 100 mM NaNO2 is shown in Figure 15.  This figure documents 

that reduction at the GC electrode of this mixture appears at applied voltages exceeding -1.2V vs 

Ag/AgCl.  

 
Figure 15: CV of in the absence of 1 in water under inert dinitrogen atmosphere with 0.1 M KCl 

as the supporting electrolyte with 100 mM MOPS and 100 mM NaNO2.  

 

Figure 16 shows the effect of incremental additions of MOPS buffer in an aqueous 

solution of 1 in the absence of nitrite. This data confirms that there is no enhancement in the 

reduction current for compound 1 due to the presence of MOPS buffer and supports a mostly 

innocent role for MOPS buffer in the reduction of 1. However, the addition of MOPS does 

appear to initiate an anodic shift for both reduction peaks, thus enhancing the nitrite reduction 

kinetics by lowering the potential required for electron transport. This makes sense, since there is 

a direct relationship between pH and reduction potential. As pH increases (more basic and less 
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H+ atoms available), the reduction potential shifts more positive. The requirement of MOPS for 

catalytic reduction of nitrite by 1 is shown by the data in Figure 17. These experiments 

demonstrated that there was very little current enhancement in the reduction when MOPS buffer 

is absent indicative of no catalytic activity.   

 
Figure 16: CV of 1 in water under inert dinitrogen atmosphere with 0.1 M KCl as the supporting 

electrolyte with increasing [MOPS] in the absence of NaNO2.  

 

 
Figure 17: CV of 1 in water under inert dinitrogen atmosphere with 0.1 M KCl as the supporting 

electrolyte with increasing [NaNO2] in the absence of MOPS.  
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The resulting CV for 2a,b in water is displayed in Figure 18. As indicated by the CV, complex 

2a,b exhibits one reversible reduction event at E = -0.70 V and one irreversible reduction event 

at E1/2  = -1.05 V. The stability and homogeneity of these reductions was assessed by measuring 

the scan rate dependence of the current for the first and second reduction peaks (Figures 20 and 

21) for complex 2a,b in water with 50 mM MOPS buffer. The results of these measurements are 

shown in Figures 19-21. The linear relationship obtained for the square root of the scan-rate vs. 

peak current is consistent with the Randles-Ševčík equation and supports diffusion-controlled 

processes.16  

 
Figure 18: CV of 2a,b in water under inert dinitrogen atmosphere with 0.1 M KCl as the 

supporting electrolyte. 
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Figure 19: Scan rate dependence of the second reduction peak for complex 2a,b in water under 

inert dinitrogen atmosphere with 0.1 M KCl as the supporting electrolyte. 

 

 
Figure 20: Plot of the square root of the scan rate (V/s)1/2 of the first reduction peak in a catalytic 

environment for complex 2a,b vs. the peak current.  
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Figure 21: Plot of the square root of the scan rate (V/s)1/2 of the second reduction peak in a 

catalytic environment for complex 2a,b vs. the peak current. 

 

After initial characterization, we next examined the effect of adding small increments of 

NaNO2 to a reaction cell containing 100 mM MOPS buffer and 2a,b. From Figure 22, there is a 

drastic increase in current as more NaNO2 is added to the system. An excess of NaNO2 3:1 ratio 

of [NaNO2] to [MOPS] was added and still exhibited enhancement in current, leading to the 

suggestion that the saturation point was not yet reached, and the catalyst can handle large 

equivalents of nitrite in the system.  
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Figure 22: CV of 2a,b in water under inert dinitrogen atmosphere with 0.1 M KCl as the 

supporting electrolyte with increasing [NaNO2] in a 100 mM MOPS buffered solution at pH 7.  

 

The preceding electrochemical characterization experiments of both 1 and 2a,b 

demonstrated significant current enhancement in the presence of NO2
- and MOPS buffer near pH 

7 thus suggesting electrocatalytic reduction. With these clear signs of electrocatalytic behaviour, 

we were compelled to establish some more definitive answers on the product identities, 

selectivity, as well as activity and efficiency. To do so, we employed controlled potential 

coulometry (CPC) where a constant potential is applied to the reaction system for an extended 

period followed by analysis of the reaction products. The nitrogen cycle contains multiple 

transformations which can lead to several types of end products. In the gas phase, products such 

as NO, N2O, and N2 can be formed and in solution, products such as ammonia/ammonium 

(NH3/NH4
+) and hydroxylamine (NH2OH) can be formed. The presence of gaseous products was 

analyzed using a GC/MSD to accurately discern the presence of NO, N2O, and N2. To determine 

whether N2 was produced, a CPC experiment was done using inert argon gas in place of N2. 

After analysis, it was concluded that no gaseous products formed. The presence of ammonium 

was analyzed using 14N NMR and hydroxylamine by redox titration with [K3Fe(CN)6]. The 

results of these CPE experiments for the Ni complex 1 can be found in Table 4.  

Table 4: Bulk results for reduction of nitrite using 1 at -1.05V vs. 3.0M KCl Ag/AgCl) with varying 

catalyst concentrations and times.b was done under inert argon gas,  c was done at -0.98 V (vs. 

Ag/AgCl). Reactions unless otherwise noted contain 1.0 M MOPS buffer adjusted to pH 7.0, 1.0 

M NaNO2 and 0.1 M KCl as the supporting electrolyte. 

Entry [cat] (mM) Time (hr) 
µmol 

NH4
+ 

FE NH4
+ 

(%) 

µmol 

NH2OH 

FE NH2OH 

(%) 

TON for 

NH4
+ 

TON for 

NH2OH 

1 0.5 5 349 64 52 6.4 46.6 7 

2 0.5 1 0 0 18 18 - 2.4 

3 1 5 254 55 90 12 18.3 6 
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4 1 1 trace 0 8 8 - 0.5 

5 2 5 266 57 17 2.4 8.9 0.5 

7 1 18 1681 76 12 0.4 112 0.8 

8b 1 5 314 69 90 12 20 6 

9c 1 5 179 64 15 3.5 12 1 

BKGRD 0 5 0 0 9 - - - 

No 

Buffer 1 5 0 0 0 - - - 

 

In the case of complex 1, reactions were carried out for 1 or 5 hours at -1.05 V (s. Ag/AgCl in 15 

mL solutions sparged with inert N2 gas for 15 minutes. One CPC experiment (exp 9) was 

performed at a slightly lower potential of -0.98V to evaluate the effect of lower applied potential. 

Comparison between experiments 3 and 9 show a positive relationship between applied potential 

and formation of the reaction products. In general, an increased amount of both NH4
+ and 

NH2OH was observed when the applied potential was -1.05 V as opposed to -0.98 V. Notably, it 

appears that there was less selectivity for NH4
+ in experiments at the more negative potential 

than with an applied potential of -0.98 V. Experiments 1, 3 and 5 were run to demonstrate the 

correlation between catalyst concentration and efficiency. The results indicate a lower catalyst 

concentration leads to a significant increase in TON, whereas a higher catalyst concentration 

leads to a decrease in TON indicating that an increase in catalyst concentration gave no 

additional product formation. To test the robustness of 1, the conditions for experiment 5 were 

also run for 18 hours. To our surprise, 1681 µmol of NH4
+ was produced with a TON of 112, a 

substantial increase in product formation and demonstration of the catalyst’s capability of 

performing over long time periods. Understandably, the yield of NH2OH is significantly lower 

since it is proposed that NH2OH is one of the reaction intermediates between NO2
- reduction to 
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NH4
+ and so extended reaction times would naturally lead to an increase in selectivity and 

formation of NH4
+. 

During coulometry experiments the current is measured against time and this data is 

shown in Figure 23. A steady linear increase in the charge suggests a stable current flow 

meaning there is still substrate in solution available to be reduced. Surprisingly, increasing 

catalyst concentration displayed a slower electron transfer rate. This also correlates to the lower 

amount of product formation when 2 mM of 1 is used for experiments which can be seen in 

Table 4. Intuitively, it would be expected that by increasing [cat], more collisions between the 

substrate and the catalyst would occur; however this is not the case. This abnormality is currently 

under investigation. 

 
Figure 23: Plot comparing the concentration of 1 to the charge (C) produced over a 5 hour CPE 

experiment.  

 

A similar set of CPC experiments was run for complex 2a,b for which identical reaction 

conditions were used. The data is presented in Table 5.  
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Table 5: Bulk results for 2a,b at -1.05V (V vs. 3.0M KCl Ag/AgCl) with varying catalyst 

concentrations and times. Reactions unless otherwise noted contain 1.0 M MOPS buffer adjusted 

to pH 7.0, 1.0 M NaNO2 and 0.1 M KCl as the supporting electrolyte. 

Entry 
[cat] 

(mM) 

Time 

(hr) 

µmol 

NH4
+ 

FE NH4
+ 

(%) 
µmol NH2OH FE NH2OH (%) TON for NH4

+ 
TON for 

NH2OH 

10 0.5 5 206 68 54 11 27 7 

11 0.5 1 0 0 36 49 - 2 

12 1 5 219 67 108 22 14 7 

13 1 1 0 0 27 56 - 3 

14 2 5 99 76 27 13 3 3 

 

When investigating the effect of catalyst concentration on efficiency, we found that with a 0.5 

mM concentration of 2a,b there was an increase in TON on the opposite side of the spectrum, an 

increase in catalyst concentration at 2 mM led to a significant decrease in TON (see Table 5). 

The amount of charge produced when 2 mM of catalyst is used is also significantly lower which 

further supports the claim that the catalyst is not as efficient with a higher concentration which 

results in lower product formation and TON.  

 
Figure 24: Plot comparing the concentration of 2a,b to the charge (C) produced over a 5 hour 

CPE experiment.  
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Background CPC measurements were conducted in the absence of catalyst to ensure no 

product formation occurred due to the GCE and then in the absence of MOPS buffer to further 

solidify the argument that a buffered solution is a necessity for this reaction to occur. The 

investigation into this matter yielded positive results as no NH4
+ nor NH2OH was detected for 

both CPC measurements (Table 4).  

Unfortunately, no experiments come without complications. During product 

identification, we found an unknown 14N NMR peak at -2.8 ppm (see Figure 29). After 

performing multiple background identification experiments, we found that the peak at -2.8 ppm 

is due to the nitrate (NO3
-) anion. The cause of this oxidation product occurring during a 

reduction reaction is still being investigated; however we speculate that the platinum electrode is 

oxidizing the nitrite (NO2
-) anion during CPE experiments. For this reason, we also believe this 

may be a cause for lower Faradaic efficiency since the oxidized nitrite (now nitrate) may be 

getting reduced either at the electrode or by the catalyst which would affect the overall count of 

electrons and charge being contributed to the reactions. Another consideration when it comes to 

the low Faradaic efficiency of this reaction may be the [K3Fe(CN)6] solution used to titrate the 

reaction mixture. This may have contributed to the low yield of NH2OH because the 

[K3Fe(CN)6]  titrant solution was never made fresh, and the same batch was used throughout the 

course of the project. Although the literature does not say the solution must be prepared fresh nor 

does it degrade over time, the solution became discolored after a long period on the shelf.  

To aid in the study of the nitrite reduction mechanism, we crystallized complex 1 with 

nitrite attached from a reaction mixture with typical catalytic conditions.  A characteristic of the 

nitrite anion is its ability to coordinate via its N- (nitro) or O- (nitrito) atoms. N-vs O- 

coordination may influence nitrite reactivity. In the case of 1, nitrite was found to bind through 
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the two oxygen atoms (Figure 25). An immediate downward bend in the non-conjugated portion 

of the ligand occurs when NO2
- coordinates to the metal center likely due to steric repulsion 

which leads to the formation of an extremely distorted octahedral geometry.  

 
Figure 25: Structural representation for compound 1 with nitrite bound (1-NO2) obtained from 

single crystal X-ray analysis. Hydrogen atoms and co-crystallized solvent have been omitted for 

clarity.  

 

Table 6: Comparison between SC-XRD experimental data and M06L optimized computed 

values for internuclear distances (Å) and bond angles (°). 
Bond (Å) SC-XRD Experimental Bond 

Length (Å) 

M06L Computed Bond 

Length (Å) 

Ni(1)-O(1) 2.175(3) 2.810 

Ni(1)-O(2) 2.087(2) 2.029 

Ni(1)-N(1) 1.984(2) 1.825 

Ni(1)-N(2) 2.081(2) 1.900 

Ni(1)-N(3) 2.067(2) 2.132 

Ni(1)-N(4) 2.072(2) 1.898 

N(3)-C(13) 1.485(4) 1.467 

Bond Angles (°) SC-XRD Experimental Bond 

Angles (°) 

M06L Computed Bond Angles 

(°) 
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O(1)-Ni(1)-N(1) 92.71 93.71 

O(1)-Ni(1)-N(2) 94.22 79.94 

O(1)-Ni(1)-N(3) 153.78 132.16 

O(1)-Ni(1)-N(4) 93.49 101.34 

 

Computational Analysis & Proposed Mechanism for NO2
- Reduction  

To better understand the products of the observed redox events and elucidate the nitrite 

reduction reaction mechanism, density functional theory (DFT) calculations were performed on 

the nickel complex in water using the polarizable continuum model (PCM) at the M06L level of 

theory.25 Geometry optimization and vibrational frequency calculations were performed using 

def2-SVP as a basis set, followed by molecular energy computations with def2-TZVP. 26 Atomic 

coordinates were obtained from the crystal structure of 1, initially with a perchlorate bound in the 

apical position (Figure 26). Relative Gibbs free energy calculations suggest that the perchlorate 

ligand is labile, indicating an exergonic process for the ligand leaving of -2.92 kcal/mol. 

Eliminating the perchlorate ligand from the structure removes the antibonding character that 

perchlorate contributes to the highest occupied molecular orbital (HOMO), ultimately stabilizing 

the electron configuration. 
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Figure 26: Selected molecular orbitals of complex 1 in water at the M06L level of theory with 

def2-TZVP basis set. 

Further computations were performed on the complex without the bound perchlorate. 

Figure 26 displays some selected isosurface plots of the frontier molecular orbitals for the 

perchlorate-free complex containing significant d-orbital contribution. All d-orbitals expected in 

a square planar electron configuration are identified within the molecular orbitals (MOs) 

displayed in Figure 27, having minimal contributions from the surrounding ligand. In this figure 

the HOMO-1, HOMO-2, and HOMO-3 correspond with the dyz, dxz, and dxy orbitals, 

respectively. The lowest occupied molecular orbital (LUMO) is composed mostly of p-orbitals 

on the pyridine portion of the ligand. The LUMO+1 contains contributions from the 𝑑𝑥2−𝑦2 

orbital. These calculations revealed the electron configuration to have a HOMO largely 
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consisting of the metal centered 𝑑𝑧2   orbital. Access to the ligand based LUMO upon subsequent 

reductions allows the ligand to act as a reservoir for the metal center, expanding the complexes’ 

ability to stabilize multiple redox events, useful for electrocatalysis. 27 

 
Figure 27: Selected molecular orbitals of complex 1 with perchlorate ligand removed in water at 

the M06L level of theory with def2-TZVP basis set. 

Additional calculations were completed for the once- and twice-reduced complex and are 

shown in figures 28a and 28b. Isosurface plots for these species display a similar shape and vary 

only slightly in terms of MO contributions. The first two reductions displayed in Figure 6, the 

irreversible reductions at -0.89 V and -1.05 V, populate the MO largely consisting of -orbitals 

on the pyridine portion of the ligand, as observed in Figures 25a and 25b. This MO also contains 

minimal contribution from the metal center, antibonding with dyz. Addition of the first electron 

(Figure 28a), generates a doublet cation with 1+ charge. Adding another electron to the 
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configuration (Figure 28b), results in a neutral, singlet structure. The Ni-complex geometry for 

the simulated structures is largely unchanged through the subsequent reductions. MO88 (from 

Figures 28a and 28b) has a relative energy level between the 𝑑𝑧2  and 𝑑𝑥2−𝑦2 orbitals that are 

expected in a square planar structure, ultimately preventing 𝑑𝑥2−𝑦2 from becoming occupied and 

disfavouring a square planar geometry. 

A)            B) 

                   
Figure 28: A) Selected molecular orbitals of complex 1 singly reduced with the perchlorate 

ligand removed in water at the M06L level of theory with def2-TZVP basis set. B) Selected 

molecular orbitals of complex 1 twice reduced with the perchlorate ligand removed in water at 

the M06L level of theory with def2-TZVP basis set. 
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The proposed NO2
- reduction mechanism to form ammonium or hydroxylamine can be 

seen for 1 below in Figure 29. The figure was formed based on calculations, CPC experimental 

observations and results, and hypotheses made by other groups in the literature. Initially, as 1 is 

introduced to solution, the axial perchlorate ligand dissociates and opens a binding site to allow 

for NO2
- to coordinate. Interestingly, M06L calculations suggest the NO2

- binds through the N as 

opposed to binding through the two O atoms. To justify this, the Gibbs free energy was 

calculated, and the energy difference between coordination through the two O’s vs coordination 

through the N is 2.30 kcal/mol. With such a small difference in energy, we can conclude that it is 

easily accessible to change from ONO coordination to coordination through the N. This is 

apparent when studying the mechanism, as all transformations occur while the N of NO2
- is 

bound to the metal.  

When the nitrite-bound complex is reduced, it reacts with water to be protonated. Interestingly, 

the redox-active pyridine ring accepts the first proton and subsequently acts as a proton shuttle 

for the remainder of the reduction reaction. Further reduction and protonation of the complex 

leads to the formation of a nitrosyl group (N=O) and the loss of H2O. Ni-NO proceeds with an 

additional electron reduction and protonation to form Ni-HNO which is readily reduced by two 

electrons to form Ni-NH2OH.  
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Figure 29: Proposed Electrocatalytic NO2

- Reduction Mechanism by 1. The second perchlorate 

anion is omitted for clarity. A more detailed proposed mechanism can be found in the Appendix. 

 

 From here the catalytic cycle either proceeds towards the formation of ammonia or 

branches off to have NH2OH dissociate and restart the catalytic cycle. Proceeding with an 

additional reduction leads to the loss of a water and the formation of Ni-NH3; afterwards NH3 

dissociates as the primary product. While in solution, NH3 can receive a H+ from H2O and form 

the ammonium ion, NH4
+, which is what is identified using 500 MHz 14N NMR (Figure 30). 

Conclusion and Future Work 

 To summarize this chapter, we prepared two nitrite-reducing catalysts 1 and 2a,b. When 

comparing between the two, 1 is capable of reducing NO2
- to NH4

+ and NH2OH with a higher 

product yield and is capable of passing more charge over the course of 5 hrs. Both complexes 

have similar faradaic efficiencies, with both having high selectivity for the formation of NH4
+ as 
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the primary product. Following bulk CPE measurements, calculations were conducted to propose 

a mechanism for the electrochemical reduction of NO2
- by 1. The calculations provided two 

distinct pathways which can be followed to show the formation of the two observed reaction 

products NH2OH and NH4
+. Calculations were also done to compare the experimental and 

computed bond lengths and angles for all complexes which were concluded to agree. For future 

work, more experiments should be conducted to determine the effects of varying pH in the 

system, and to optimize the faradaic efficiency of the reaction by troubleshooting the cause of the 

formation of nitrate in the reaction cell. The synthesis of reaction intermediates and using them 

for subsequent electrochemical bulk measurements to compare the results should also be 

explored to provide stronger evidence for the proposed mechanism.  

Experimental: 

General Methods 

Reactions were performed using standard Schlenk techniques under a flow of N2 gas. All 

solvents were sparged with nitrogen then dried by passage through a column of activated 

alumina using an apparatus purchased from Anhydrous Engineering. Deuterated solvents were 

dried using activated molecular sieves. All other chemicals were purchased from Sigma-Aldrich 

and used without further purification. Dried acetonitrile was purchased from Sigma-Aldrich and 

stored on molecular sieves in a glovebox.  

Electrochemistry 

All cyclic voltammetry experiments were carried out in a single compartment cell of 

approximately 50 mL volume under an atmosphere of dinitrogen. Samples were prepared in 

open-air, sealed, connected to a Schlenk line, and purged with a nitrogen atmosphere. 

Measurements were carried out using a VersaSTAT  (Princeton Applied Research) potentiostat. 
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A conventional three electrode system was employed consisting of a glassy carbon electrode 

(diameter = 0.4 cm), used as the working electrode, a Pt wire, or a glassy carbon rod as the 

counter electrode, and an Ag/AgCl electrode was used as a reference electrode. For bulk 

electrocatalytic experiments, a glassy carbon rod (diameter = 0.4cm; length = 2cm) was used as 

the working electrode, a coiled Pt wire as the auxiliary electrode, referenced to Ag/AgCl 

electrode. 

Calculations to determine whether a redox pair is reversible, quasi reversible or irreversible is 

shown below: 

Ep = anodic peak potential (Ep,a) – cathodic peak potential (Ep,c) 

Reversible if Ep,rev = 57/n mV where n = # of e- 

Quasireversible if Ep,rev < Ep,quasi < 200/n mV 

Irreversible if Ep,irrev > 200/n mV 

Computational Methods 

Density functional theory (DFT) computations were performed on the nickel complex in water 

using the polarizable continuum model (PCM) at the M06L level of theory. Geometry 

optimization and vibrational frequency calculations were performed using def2-SVP as a basis 

set, followed by molecular energy computations with def2-TZVP. Atomic coordinates were 

obtained from its crystal structure, initially with a perchlorate bound in the apical position 

(Figure 1). 

Complex Synthesis 

Synthesis of 1: 

In a round bottom flask, 1.63 g (0.01 mol) of 2,6- diacetylpyridine was added to 140 mL of 

aqueous ethanol that contains 70 mL of ethanol. The solution was heated to 50 ̊C and stirred until 
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all the diacetyl dissolved. Then, 0.01 mol of NiCl2 * 6 H2O was added to the solution. The 

solution was mixed for 30 minutes with heating at 70 ̊C. To the mixture, 0.01 mol of 3,3’-

Diamino-N-methyldipropylamine is added followed by the addition of 0.8 mL of acetic acid. The 

mixture is stirred at 70 ̊C for 8 hours. The solvent was reduced by half on a rotary evaporator and 

left to cool to room temperature. The solution was cooled with an ice bath and 0.04 mol of 

LiClO4 was added and stirred for 2 hrs. The mixture was filtered on a sintered glass, washed 

with a minimum amount of ethanol followed by several washes with diethyl ether. The bright red 

powder was dried under vacuum and crystallized by layering a concentrated solution of 1 in 

acetonitrile with diethyl ether. Crystals of the 1-NO2 complex were grown by layering with an 

acetonitrile/water/diethyl ether solvent system. Crystals are purple in color and are shaped like 

needles. 

Synthesis of 2:  

The synthesis of 2 is as described above however substituting NiCl26H2O with CoCl26H2O. The 

violet-coloured powder was crystallized by dissolving the product in a minimum amount of hot 

distilled water and left to cool and evaporate off to leave deep red needles.  

Product Identification & Quantification 

Since the reaction solutions containing both 1 and 2a,b are heavily coloured, the use of UV-Vis 

spectroscopy to identify and quantify the reaction products is not possible. We decided to pursue 

the use of 14N NMR spectroscopy to identify ammonium (NH4
+) and redox titration with 

[K3Fe(CN)6] was done for NH2OH consumption. A calibration curve (Figure 28) was made to 

quantify the amount of NH4
+ by comparing peak areas of the external MeNO2 standard with 

known concentrations of [NH4
+] compared to the peak area of a 1.0 M MeNO2 standard in a 

capillary tube. 
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The reaction vessel was also tested for the formation of NO using the qualitative myoglobin test 

however no NO was seen to have been formed. GC-TCD also showed no formation of N2 when 

CPE was performed under an inert argon atmosphere.  

 
Figure 30: Nitrogen-14 NMR spectrum of a 0.5mL aliquot of the reaction solution and 0.2mL of 

acetonitrile-d3 with a 1.0M MeNO2 external reference at 2.0ppm using a Bruker AVANCEIII 

500MHz spectrometer with 600 scans. The broad peak at -330 ppm depicts the 1.0M MOPS 

buffer and the peak at -2.8 ppm depicts the nitrate anion (NO3
-).  
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Figure 31: Calibration curve comparing peak areas of the external MeNO2 standard with known 

concentrations of [NH4
+] compared to the peak area of a 1.0 M MeNO2 standard in a capillary 

tube. 
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Appendix: 

Table 7: Crystal Structure Data for 1, 1-NO2, and 2ab. 

 

 

1 1-NO2 2a,b 

Empirical formula C16H24Cl2N4NiO8 C18H27ClN6NiO6 C16H25.5Cl2CoN4O5 

Formula weight (g⋅mol-1) 530.00 517.61 483.73 

Crystal system orthorhombic triclinic monoclinic 

Space group P n a 21 P 1̅ P 21/c 

a (A) 12.0427(5) 7.4118(4) 7.2183(2) 

b (A) 13.9944(5) 12.5556(6) 20.4087(6) 

c (A) 12.7175(5) 13.0820(7) 14.2211(4) 

𝛼 (deg) 90 69.969(1) 90 

𝛽 (deg) 90 81.164(1) 102.084(1) 

𝛾 (deg) 90 87.146(1) 90 

V (A3) 2143.28(14) 1130.18(10) 2048.58(10) 

Z 4 2 4 

T (K) 200(2) 200(2) 295(2) 

𝜌calcd (g⋅cm-3) 1.643 1.521 1.568 

𝜇 (mm-1) 1.206 1.024 1.134 

2𝜃max (deg) 61.066 56.882 55.050 

Total/unique reflections 11614/5524 16793/5678 15734/4694 

Reflections [Io ≥ 2𝜎(Io)] 4058 4608 3734 

R1, wR2 [Io ≥ 2𝜎(Io)] 0.0426, 0.0834 0.0454, 0.1225 0.0380, 0.0940 

Goodness of fit 1.019 1.068 1.037 
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Figure 32: Detailed Proposed NO2
- Reduction Mechanism by 1. 
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Chapter 5: Thesis Conclusions 

This thesis investigated three broadly targeted area of electrocatalysis using earth 

abundant metals as the catalyst center to promote sustainability. Chapter 2 focused on the 

reduction of CO2 gas to value-added products and attempted to develop a new 

electrophotocatalytic system using a known Mn(I) electrocatalyst with a photocatalyst integrated 

into its alpha-diimine ligand. We synthesized the MnPhenNI complex, and attempted to exploit 

the use of tandem photoexcitation and electrochemical reduction of the integrated photocatalyst. 

The MnPhenNI complex was found to produce miniscule amounts of H2 under blue light and 

subsequent electrochemical reduction. Unfortunately, the complex was found to degrade in the 

presence of UV light which is where the integrated photocatalyst absorbs light, indicating to us 

that the selected Mn(I) metal center should have been replaced with a different metal. The 

structure of the MnPhenNI complex was characterized by 1H NMR and UV-Vis.  

While the project highlighted in chapter 2 failed, there is room for improvement in the 

methods and catalyst design. Further investigation into the use of a more robust and well-

established complex, such as one using a rhenium(I) complex highlighted by Castellano et al., or 

the recently published Cu(I) photosensitizer complex by Tschierlei et al. would be an avenue 

worth pursuing.1,2 Also, utilization of spectroelectrochemistry to study the effect of the reduced 

complex prior to photoexcitation would bring valuable insight into any structural or electronic 

changes that may occur during experimentation. 

In chapter 3, the focus was on the production of H2 from water, which showcased a Ni(II) 

pincer complex capable of reducing water in the presence of phosphate buffer. The complex was 

fully characterized electrochemically and by SC-XRD. Under ideal conditions the complex was 

able to produce H2 with a faradaic efficiency of 96%. DFT calculations were also performed 
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which gave valuable insight into the HER mechanism. Further work on this project could include 

pH studies, investigation into the use of other buffers and substrates, and CPC measurements 

using trifluoroacetic acid. 

With the importance and popularity of the redox-active diiminopyridine ligand scaffolds, 

chapter 4 reintroduced them in the form of simple macrocycles with inspiration from the water-

soluble, hydrogen generating complex from chapter 3. In chapter 4, the reduction of nitrite to 

useful chemical building blocks was investigated. The synthesis of two simple macrocycles with 

a Ni(II) and Co(II) center were electrochemically, and structurally characterized by SC-XRD. 

CPC experiments were performed and both catalysts showed selectivity towards ammonium as 

the primary product with hydroxylamine as the secondary product. DFT calculations were 

conducted and a proposed electrocatalytic reduction mechanism was presented to aid in the 

understanding of the various transformations that occur from nitrite to ammonium.    

Advancements to be made in this project could include further investigation into the 

reactivity of the complexes highlighted in chapter 4 under different conditions such as varied pH, 

time, and varied catalyst concentration would shed light on the kinetics and reactivity of these 

catalysts. Furthermore, additional modification of these simple macrocycles with different 

substituents on the pyridine ring, and the N-methyl would provide potentially interesting 

interactions and routes for reaction optimization and selectivity alterations. Finally, the chemical 

synthesis and isolation of reaction intermediates such as the Ni-NH2OH, Ni-HNO, Ni-NO, and 

Ni-NH3 complexes by use of strong reducing agents would help further the understanding in the 

nitrite reduction mechanism. 
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