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Abstract 

Recent developments in new molecular designs, scaling relationships, and theoretical 

modeling of mechanisms have rapidly advanced the utility of metalloporphyrins as 

electrocatalysts in the activation of small molecules, in particular O2 and CO2. The 

development and improvement of electrocatalysts for the 4H+ /4e− reduction of O2 to H2O, 

and for the CO2 reduction reaction (CO2RR) to provide a route to turn a greenhouse gas 

into value-added products, are ongoing challenges. The addition of ancillary groups (e.g., 

hydrogen bonding, Brønsted acid/base) near the active site of metal-containing catalysts 

is an effective way to improve the selectivity and kinetics of the oxygen reduction reaction 

(ORR) and CO2RR. In this regard, iron porphyrins are among the most researched 

ORR/CO2RR catalysts. Closely related cobalt porphyrin catalysts can function closer to 

the O2/H2O thermodynamic potential and can reduce CO2 at a lower overpotentials, but 

they tend to be less selective and follow a different mechanism than iron porphyrins. Here, 

I explore strategies to extend the ideas about ancillary groups that have been developed 

for iron porphyrin ORR/CO2RR electrocatalysts to improve the performance of the 

corresponding cobalt complexes. I describe a series of porphyrin electrocatalysts for 

ORR/CO2RR that are modified versions of Co(5,10,15,20-tetraphenylporphyrin), where 

the 2-position of one of the phenyl groups contains -NH2, -N(CH3)2, and -N(CH3)3
+. In 

Chapter 2, the presence of a cationic ancillary group gives rise to a catalyst that is selective 

for the conversion of O2 to H2O across a wide pH range. Electrostatic groups for cobalt 

porphyrins enhance the performance of 4e– reduction of O2 to H2O, while protic ancillary 

groups are important in the performance of iron porphyrin ORR catalysts. In Chapter 3 

and 4, homogeneous and heterogeneous CO2RR are studied, respectively. For cobalt 

porphyrins, protic hydroxyphenyl ancillary groups aid in production of CO, while 

electrostatic stabilizers of CO2-bound intermediates seem to favor other CO2 reduction 

products. These studies show that the second sphere interactions for ancillary groups of 

metalloporphyrins must be carefully designed for different metals and different reactions. 

In addition, the photochemical activation of carbon-hydrogen bonds by vanadium-dioxo 

(VV(O)(O)) and vanadium-oxo-peroxo (VV(O)(O2)) diimine complexes is described in 

Chapter 5. The involvement of electronically excited V complexes as radical reaction 

initiators is described.  

 

Keywords:  Electrochemical O2 and CO2 reduction; metalloporphyrins; electrostatics; 

photochemical C-H bond activation 
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Preface 

Fossil fuels are major energy sources at present and will remain so during the 

coming years. However, the supply of fossil fuels is limited. With the growing energy 

demand and dwindling supply of fossil fuels, we need to either improve utilization of fossil 

fuels or develop promising renewable energy storage strategies. Solar energy is the most 

abundant renewable energy source and it can be readily converted into electricity. Fuel 

cells are also promising ways to harvest stored energy, which can be considered as 

alternatives to fossil fuels, especially applied to transportation. In the context of hydrogen 

fuel cells, water (H2O) splitting and oxygen (O2) reduction are two key reactions. For the 

O2 reduction reaction (ORR), the reduction of O2 to H2O is crucial to fuel cell device 

efficiency, and catalysts play a significant role to improve the selectivity of H2O. Precious 

metal catalysts (e.g., platinum, gold) are the best-known catalysts for ORR. Finding 

sustainable and inexpensive materials to replace such precious catalysts is an ongoing 

challenge. Chapter 2 of this thesis addresses electrocatalysis for ORR by using porphyrin-

based catalysts that contain non-precious metals. On the other hand, improving the 

utilization of existing fossil fuels involves the more efficient activation and transformation 

of chemical bonds. This is a promising way to produce diverse products from fossil fuels. 

In Chapter 5 of this thesis, a photochemical C-H activation system using vanadium 

complexes was studied.  

In addition, it is not a secret that global warming, caused by greenhouse gases like 

carbon dioxide (CO2), is threatening us. CO2 is a major greenhouse gas and the increase 

in the concentration of CO2 in the atmosphere is mostly due to extensive use of fossil 

fuels. Therefore, capturing and converting CO2 into liquid fuels (e.g., gasoline, methanol) 

is recognized as a promising approach to address the issues about global warming and 

to provide a renewable route to hydrocarbon fuels as well. Many great examples of 

catalytic materials and of molecular catalysts have been proposed in the literature for CO2 

conversion. Metalloporphyrins are suitable catalysts to be applied to CO2 reduction 

reaction (CO2RR). However, the improvement of key features of these catalysts is 

ongoing. Chapter 3 and Chapter 4 of this thesis contribute the new concepts to the design 

of ancillary groups for these molecular catalysts to promote different products for CO2RR 

in homogeneous and heterogeneous conditions. 
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Chapter 1.  

Introductiona 

Bond activation chemistry, such as the O2 reduction reaction (ORR), the CO2 

reduction reaction (CO2RR), and C-H bond activation, are central topics in modern 

chemistry research. The central motivation is their applications in energy issues, 

specifically in efforts to address climate change. Of particular interest to this thesis is the 

development of molecular catalysts for bond activation chemistry. My view is that the high 

degree of synthetic flexibility makes molecular catalysts prime candidates for the 

development of new thinking about how to design systems for transformation of strong 

bonds. This thesis describes the development and investigation of two classes of small 

molecule catalysts: metalloporphyrins and metal diimines. 

The porphyrin ligand have been of great importance to inorganic chemistry for 

about a century and the biochemical importance of Fe-porphyrins has an even longer 

history.1 Briefly, the porphyrin macrocycle is characterized by its aromatic 18e– core and 

dianionic coordination of a central metal ion, as illustrated below. Porphyrins can 

accommodate many different metal ions and are amendable to a wide range of synthetic 

modifications.2–4 In addition, the extended aromatic structure of porphyrins can support a 

range of oxidation states, including those where redox occurs at the ligand rather than the 

metal. These properties make them popular ligands for study and application in catalytic 

systems. Furthermore, metalloporphyrin electrocatalysts are popular used for small 

molecule activation reactions, especially the studies of small molecule reductions (ORR 

and CO2RR). 

Metal oxo compounds have received a great deal of research attention for the 

activation of carbon-hydrogen (C-H) bonds, which has been of interest to inorganic and 

organic chemists for a long time.5–7 Most metal oxo complexes are high valent (e.g., 

Mn(IV), Ru(IV), Cr(VI)), making them good oxidants. Upon reduction, these complexes 

 

a Portions of this chapter are reproduced from Zhang, R.; Warren, J. J. Recent Developments in 
Metalloporphyrin Electrocatalysts for Reduction of Small Molecules: Strategies for Managing 
Electron and Proton Transfer Reactions. ChemSusChem 2021, 14(1), 293–302. 
https://doi.org/10.1002/cssc.202001914. 
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typically become Brønsted base. Both features confer the ability of a metal oxo to abstract 

a hydrogen atom (H• = H+ + e–) from C-H. In several of those examples, especially for Ru, 

diimine ligands (e.g., 2,2 -́dipyridyl or bpy) are used. Likewise, in this thesis, derivatives of 

bpy are used.  

1.1. General comments on electrocatalysis 

Before describing recent developments in electrocatalysts, it is worth noting 

concomitant developments in understanding electrocatalytic parameters and other figures 

of merit. Hydrodynamic electrochemistry remains a popular way for characterizing O2 

reduction catalysts.8 Rotating ring-disk electrochemistry experiments can provide a direct 

measure of O2 reduction selectivity, while Koutecky-Levich analyses using rotating disk 

electrochemistry can yield kinetic information (e.g., turnover frequency, TOF).8,9 Those 

techniques employ heterogeneous catalysts, but related analyses were recently described 

for homogeneous proton reduction systems,10 and extensions to other electrocatalysts 

would be interesting. The development of foot-of-the-wave (FOW) analyses has allowed 

for direct determination of catalytic parameters from cyclic voltammetry (CV) data.11,12 This 

approach can be applied to many 2 electron redox transformations, including O2, CO2 and 

proton reduction reactions.13,14 There are some caveats for application of FOW analyses. 

CV scans should have electron transfer reactions that are faster than homogeneous 

chemical reactions, catalysts cannot be deactivated during scans, and substrate diffusion 

should not limit catalysis. FOW analyses have allowed for more direct comparison of 

different catalysts provided the above criteria are met. The details on these methods will 

be contained in Section 1.5. Despite the above advances, it remains very challenging to 

directly compare different catalyst systems. Differences in reported solution composition 

(i.e., acids/bases, electrolytes, substrate), reference electrode, and working electrode 

materials, and other concerns, have been previously described in the literature.13 For this 

reason, this thesis will generally avoid describing an extensive list of catalytic parameters 

(, TOF, etc.), and focus on relative catalytic improvements and their underlying features. 
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1.2. Oxygen reduction reaction (ORR) 

1.2.1. Motivation and challenges 

The oxygen reduction reaction (ORR) typically refers to the four proton (H+) and 

four electron reductions of O2 to 2H2O. This is the primary interest in renewable energy 

applications and is our focus here. Other O2 reduction products are superoxide (O2•–) and 

hydrogen peroxide (H2O2). In particular, the reaction to form H2O2 is a critical competing 

reaction. Developing an understanding of how catalysts produce these other products can 

help improve designs that favour full reduction of O2 to H2O. In this context, the use of 

metalloporphyrins as ORR catalysts is inspired by nature, in particular from cytochrome c 

oxidase (CcO, or mitochondrial complex IV). CcO is a large, membrane-bound protein 

where O2 reduction is coupled to transmembrane proton pumping.15 The O2-reducing 

active site of CcO features a heme that is the site of O2 binding. Several other cofactors 

are responsible for choreographing the electron transfer (ET) and proton transfer (PT) 

reactions required for the net O2 reduction to H2O.15 Modelling the active site with small 

molecules emerged in the 1970s and has been useful in dissecting the mechanism of O2 

reduction in CcO at the atomic level, and many such bio-inspired catalysts have been 

investigated.16,17 Those studies revealed some general design principles that have driven 

the field, including the inclusion of ancillary redox centers that can participate in ET 

reactions, and pendant Brønsted acid-base groups that play roles in PT reactions. 

Numerous other design features have been considered, including the electron transfer 

flux, electron density, reaction media, and stabilization of crucial intermediates. A key 

challenge of ORR catalysis is to control the multiple H+ and e– transfers that are required 

for catalysis, ideally in a single catalyst molecule. To design a good ORR catalyst, the 

following features should be included. (1) metalloporphyrins (late first-row transition metal, 

e.g., Mn, Fe, Co, etc.) with ancillary group(s) at the meso-position(s) of porphyrin rings. 

For instance, as proton relay ancillary groups, the pKa of the pendant proton relay(s) 

should be between 2 and 25 to participate in facile multiple H+ transfers; (2) the 

stabilization of the intermediate O–O bond; For heterogeneous environment, the 

immobilization of the catalyst into materials or adsorbed onto graphite surfaces for faster 

electron transfers as well as the catalyst should be insoluble in aqueous medium should 

be considered. 
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1.2.2. Homogeneous ORR electrocatalysts 

1.2.2.1. Iron porphyrins  

Fe-porphyrins are well-known ORR catalysts, and they continue to serve as great 

platforms for the development of new thinking about metalloporphyrin-catalyzed O2 

reduction. Figure 1.1 shows some representative structures of Fe-porphyrin molecular 

ORR electrocatalysts that have received attention in the past 10 years. It is noteworthy 

that even catalysts that have been known for decades (e.g., 1 and 2 in Figure 1.1) have 

undergone new studies that revealed previously unappreciated mechanistic features.18,19 

For complex 1, the presence of measurable pre-equilibria during O2 reduction, involving 

three intermediates (i.e., the FeII, FeIII-O3SCF3, and FeIII-O2•– complexes), enabled an 

unusually robust analysis of its ORR catalytic cycle. Likewise, by manipulating reaction 

conditions for ORR with 2, the redox chemistry can be controlled to select for production 

of H2O or H2O2. As noted above, these studies that delineate the mechanisms/reactions 

that lead to production of H2O2 rather than H2O are important for improving the selectivity 

of ORR catalysts. In some instances, e.g., for 1, the comparisons of electrochemical and 

stopped-flow kinetics can be used to reinforce mechanistic proposals.20  

The secondary coordination environment has become of great interest in porphyrin 

ORR catalyst design, partially inspired by work on proton reduction catalysts.21 For 

example, compounds 322 and 523, (Figure 1.1) promote highly selective 4H+/4e– reduction 

of O2 to H2O in comparison to the analogous 4-substituted isomers, 4 and 6, respectively. 

While 3 was investigated in CH3CN solvent with organic acids and 5 was investigated in 

acidic water, both systems reduce O2 with TOF values >102 s–1. A comparative 

investigation of compounds 1 and 3-6 dispersed in Nafion, in Nafion/carbon mixtures, or 

adsorbed on edge plane graphite showed marked changes in selectivity.24 In all cases, 

the selectivity for H2O dramatically decreased. For example, compound 5 produced ~0% 

H2O2 as a homogeneous catalyst, but shifts to 20-51% H2O2 production, depending on the 

preparation. The origin of this behavior is not known, but the authors underscore that the 

method of immobilization is just as important as the catalyst design.24  
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Figure 1.1. Examples of Fe-porphyrins used in studies of electrocatalytic oxygen 
reduction. 

Heterogenous porphyrin ORR catalysts are discussed in more detail below. It is 

worth noting that even in studies of homogeneous Fe-porphyrin catalysts, and perhaps 

many other catalysts, irreversible adsorption to electrode surfaces can significantly 

contribute to observed reactivity.25 In the case of aqueous ORR catalyzed by compound 

7, adsorbed catalysts contribute almost as much to observed currents as do the 

homogenous molecules.25 

As an ongoing challenge in ORR catalysts is the comparison of catalysts on equal 

footing. One way to compare ORR catalysts is to investigate a related series of molecules 

under common conditions. An investigation of ORR electrocatalysis in CH3CN using a 

series of Fe-porphyrins (1, 3, 4, 5, 8-14) revealed that the logarithm of the rates of O2 

reduction varied linearly with overpotential.26 That observation led to the proposal and 

development of “scaling relationships” that provide a framework for rapidly identifying 

optimal ORR parameters for different catalyst families and for comparing the performance 

of catalysts studied under different conditions.27–29 This simple, predictive approach is not 

without controversy.30 Further explorations of scaling relationships in buffered CH3CN 

using the cationic compound 15, showed that anionic buffers (e.g., benzoic and acetic 

acid derivates) can be used to vary the catalyst formal reduction potential (E1/2) and 

therefore the ORR overpotential.29 The net change in overpotential is a result of the 
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combination of organic acid pKa and the respective shift in catalyst E1/2 upon binding of the 

acid’s conjugate base to the Fe ion. Again, this combination of scaling relationships offers 

a unique perspective on how operating conditions can affect the ORR chemistry of 

porphyrin electrocatalysts. 

Compounds 3 and 5 are examples of tetraaryl porphyrins that are designed to 

explicitly address PT reactions in ORR catalysis. A related class of compounds are those 

that are designed to promote hydrogen bonding (H-bonding) around the Fe active site 

(e.g., 17-19, Figure 1.1).31–34 These complexes have been investigated in detail, as 

reviewed in the literature.34 Overall, the H-bonding second sphere interactions can affect 

the iron spin ground state, the O2 binding properties, and provide a proton translocation 

pathway to/from the active site. The role of H-bonding has been probed by in situ Raman 

spectroscopy and the FeIII-O2•– complexes of 1733 and 1831 show higher frequency Fe-O 

stretches (≥580 cm–1) and lower frequency O-O stretches (≥1000 cm–1), consistent with a 

strong bond and activated O2•– in comparison to several related systems.35 DFT modeling 

of a model H-bonding interaction of 18 (FeIII-O2•–) supports shortening (~0.04 Å) of the 

Fe–O bond and lengthening (~0.03 Å) of the  

O-O bond.32,34 Furthermore, the addition of the redox active ferrocenyl groups in 17 can 

influence electron transfer reactions. The nature of the solvent affects the ferrocene 

reduction potentials, and thus the ORR selectivity of 17; O2•– is produced in THF while 

H2O is produced in water.33 These catalysts can function as similar rates (about 105 M–

1s–1) over a wide range of pH values, from 0 to 9, and in different solvents.32,33 

1.2.2.2. Cobalt porphyrins 

In addition to bio-inspired Fe-porphyrins for homogeneous ORR, abiotic Co-

porphyrins have attracted attention because of early reports that they can reduce O2 at 

potentials closer to the O2/H2O thermodynamic potential, but they often lack selectivity 

(e.g., Ref. 36). One method to address the issue of selectivity is by incorporating additional 

metal centers, as demonstrated by work on dimeric cobalt “pacman”37 or “face-to-face” 

porphyrins38 that have multiple redox sites. Related to pacman porphyrins are recently 

described self-assembled Co-porphyrin dimers derived from compound 29, where the 

pyridyl groups are linked to Ru piano stool complexes. Two porphyrin-Ru units are bridged 

by catecholate linkers between each Ru.39 However, this multimetallic architecture is not 

a de facto strategy for improving ORR selectivity. In CH3CN solvent with trifluoroacetic 
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acid as the proton source, the Ru-bridged cofacial Co-porphyrin complex center does not 

yield selective reduction of O2 to H2O, but instead H2O2 is produced.  

 

Figure 1.2. Examples of Co-porphyrins used in studies of electrocatalytic oxygen 
reduction. 

The aforementioned scaling relationships28 have been used to demonstrate that 

changing the strength of the Brønsted acid changes the ORR selectively of compound 30 

(Figure 1.2).40 Stronger acids favor production of H2O2, while weaker acids favor 

production of O2. In contrast to some Fe-porphyrin ORR catalysts with explicit proton 

donors and H-bonding groups,26 the Co(III/II) reduction potential is insensitive to acid 

identity (i.e., it has no ionizable ligand groups available). Instead, acids with different pKa 

values systematically alter the O2/H2O2 and O2/H2O thermodynamic potentials, following 

predictions from the Nernst equation. Selectivity for H2O is possible with weak acids, when 

the potential of 30 is Co(III/II) is higher than the O2/H2O2 potential. This is a noteworthy 

example of how reaction conditions, as opposed to catalyst design, can be leveraged to 

select for different ORR products. 

1.2.3. Heterogeneous ORR electrocatalysts 

1.2.3.1. Iron porphyrins 

Fe-porphyrin ORR catalysts have been the subject of several complementary 

studies of homogeneous and heterogeneous ORR chemistry. In many ways, these studies 

serve to bridge the gap between the mechanistic details that can be probed in 
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homogeneous organic solvents and the more practical heterogeneous preparations that 

are needed for application (e.g., in fuel cell cathodes). 

As mentioned above, compound 7 (Figure 1.1) readily adsorbs to glassy carbon 

electrodes and catalyzes ORR, yielding about a 50/50 mixture of H2O2 and H2O in 

aqueous solvent (at pH 3.8).25 The selectivity for the homogeneous porphyrin is higher 

than for the adsorbed porphyrin, but the rates of ORR are similar for the two cases. When 

7 is adsorbed to reduced graphene oxide via a benzimidazole group, the selectivity for 

H2O increases, although the pH was different (13.5).41 Such axial ligand effects have been 

systematically investigated in Fe-porphyrins using imidazole, phenolate, and thiolate 

groups, as described in reference.42 Those results, in particular from surface-enhanced 

resonance Raman rotating disk electrochemistry (SERRS-RDE), have been important in 

elaborating ORR mechanisms (see section 1.1.4). The influence of the axial ligand (i.e., 

trans to the O2 binding site) is an especially important factor for the ORR kinetics and 

selectivity of Fe-porphyrins. For instance, anionic ligands (thiolate and phenolate) promote 

more rapid ORR with rates increased by a factor of >25 versus imidazole.42,43 The 

phenolate ligand promotes more H2O-selective ORR chemistry.42,43 Lessons from the 

“push effect,” which increases electron density of porphyrin metals in biochemical 

systems,44,45 are particularly useful in rationalizing function in these models. 

Work from our lab using compounds 20-22 (Figure 1.1) demonstrated that only 

one ancillary group (pyridyl, carboxylic acid, hydroxyphenyl) is needed to promote 

reduction of O2 to H2O when the catalysts are deposited on graphite.46 Thus, the attractive 

features of H-bond promotors (or proton relays) can be maintained in simple, drop-cast 

heterogeneous catalyst preparations. In contrast to adsorbed porphyrins with 4 proton 

relays (3 and 5),24 a catalyst with only one proton relay promotes robust reduction of O2 to 

H2O, opening the door to other designs where catalyst properties can be tuned at the other 

meso sites.  

Related asymmetric porphyrins, with substituted aryl groups at the 5-meso position 

(compounds 23-2547 and 26-28,48 Figure 1.1), reinforce the importance of H-bonding and 

proton transfer in ORR. For 23-25, the inclusion of a cationic guanidine group adds a H-

bonding group near the active site and was shown to give bimolecular rates (kcat) for ORR 

of up to 4  106 M–1 s–1 and selectivity for H2O of up to 93% (measured on a gold self-

assemble monolayer, Au-SAM).47 In related work, the systematic series of porphyrins 27-
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29 was used to delineate the relative importance of H-bonding and proton transfer. 

Compound 28 is an especially good catalyst for reduction of O2 to H2O, where the 

dialkylamine group supports H-bonding and the pyridine promotes protonation of the distal 

oxygen in an activated intermediate.48 The kcat value for ORR for compound 28 is 1.80  

107 M–1 s–1 and selectivity is almost 99% on a Au-SAM. 

1.2.3.2. Cobalt porphyrins 

Investigations of heterogeneous Co-porphyrin molecular catalysts also have 

received attention. The structures of some representative Co-porphyrin molecular 

electrocatalysts are shown in Figure 1.2. As noted above, the selectivity of Co tends to 

favor H2O2, but examples of selectivity for H2O are available, as discussed below. In 

contrast to homogeneous catalysis in organic media, 30 produces only H2O2 when 

immobilized on gold self-assembled monolayers.49 Immobilization is achieved via ligation 

of Co in an axial position. Consequently, these catalysts do see kinetic improvements from 

the “push effect” of an axial ligand, as noted above for Fe-porphyrins. 

Several Co-porphyrins with more elaborate architectures have been explored. The 

Co(II) hangman porphyrins 33-37 (Figure 1.2) immobilized on multiwalled carbon 

nanotubes can reduce O2 to H2O.50 However, in most cases, about a 50/50 mixture of 

H2O2 and H2O was observed. The electron deficient 33 gave a 71% yield of H2O, much 

better than for the control experiment using 38, which lacks the carboxylic acid proton 

relay. An asymmetric dinuclear pacman porphyrin (compound 39) is a great ORR catalyst 

when prepared as a catalyst ink and immobilized on glassy carbon.51 Compound 39 

operates at lower overpotentials than the analogous compound 40, or the monomeric 

component porphyrins 31 and 38, but comparative kcat or TOF values were not reported. 

Finally, in work that shows the importance of electron transfer events, modified 

versions of 31 that are conjugated to graphite are superior ORR catalysts in comparison 

to those that are covalently attached to graphite via an amide linkage.52 The conjugated 

catalysts have 80 mV lower overpotentials and about a factor of 10 higher TOF at the 

same ORR overpotential. Graphite conjugation has emerged as a powerful way to control 

interfacial proton-coupled redox processes.53,54 All of the examples in this section reinforce 

the notions that proton transfer is important, that multiple metal centers can improve 

selectivity of Co-porphyrin ORR catalysts, and that catalyst preparation is important in 

determining performance.  
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1.2.4. ORR mechanisms and catalysts 

One of the most important challenges that has been addressed is the connection 

between the ORR mechanism(s) and a catalyst’s operational parameters, design, and 

overall ORR function (including selectivity, kinetics, and stability). Comparisons of detailed 

spectroscopic and electrochemical studies of homogeneous porphyrins in organic solvent 

and heterogeneous porphyrins in aqueous solutions have yielded new insights. A 

mechanism showing some of the key reactions intermediates invoked in most systems is 

set out in Figure 1.3 (A). 

Studies involving some of the simplest Fe-porphyrins (1, 2, Figure 1.1) revealed 

new insights to ORR mechanisms in organic solvents.18,19 For 1, protonation of a [FeIII-

O2•–] intermediate is rate limiting (Figure 1.3 (A), blue arrow from B → C). Other insights 

are made possible by SERRS-RDE experiments, which have added additional details to 

ORR catalytic cycles for Fe-porphyrins on surfaces.55 In contrast to the aforementioned 

homogeneous studies, SERRS-RDE experiments using electrode-tethered Fe-porphyrins 

in aqueous solution do not show signals attributable to C and the proposed pathway 

converts B to D directly (red dashed arrow, Figure 1.3 (A)); all other compounds in Figure 

1.3 (A) have been detected.55 In studies of 2 in DMF, dissociation of HOO– is the primary 

pathway to production of H2O2, and selectivity can be conferred by considering the 

concentration and strength of acid.19 In contrast, the site of protonation (proximal versus 

distal O in complex D) is the selectivity-determining step. Proximal protonation gives FeII 

+ H2O2 while distal protonation gives H2O and complex E. Further addition of 2H+ and 2e– 

completes the cycle. 

The mechanism of ORR by Co-porphyrins (Figure 1.3 (B)) follows some of the 

steps set out for Fe-porphyrins. In the proposed mechanism,56 a CoII porphyrin binds O2 

to form a CoIII-O2•– complex (B in Figure 1.3 (B)) Such intermediates have been detected.57 

Complex B can be reduced by two electrons to an anionic, peroxide-bound intermediate 

(either complex C or D, Figure 1.3 (B)). Those peroxide-bound complexes can then 

release HOO– or H2O2 via protonation of the proximal O. Unlike Fe-porphyrin molecular 

electrocatalysts, Co-porphyrin ORR electrocatalysts cannot access stable high valent 

intermediates, such as metal-oxos (E in Figure 1.3 (A)).58 Thus, reduction of complex D to 

complex A to complete the catalytic cycle for net conversion of O2 to H2O is not a well-

understood process. 
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Figure 1.3. (A) Prototype O2 reduction cycle by Fe-porphyrins; (B) Prototype O2 
reduction cycle by Co-porphyrins. 

 

1.3. Carbon dioxide reduction reaction (CO2RR) 

1.3.1. Motivation and challenges 

The carbon dioxide reduction reaction (CO2RR) is of great interest as a route to 

simple organic chemicals.59,60 In contrast to bio-inspired ORR catalysts, the interest in 

metalloporphyrin CO2RR catalysts stems from foundational work on the electrocatalytic 

CO2 reduction chemistry of graphite-adsorbed macrocycles.61,62 Early motivation for CO2 
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reduction chemistry was spurred, in part, by energy/gas crises in the 1970’s and that 

interest has expanded with increasing climate/energy concerns. The field has seen a 

renaissance that mirrors several of the advances in metalloporphyrin-ORR chemistry. In 

particular, the delivery of H+ and e– using advanced porphyrin architectures has gained 

much attention. Many CO2 reduction products are possible,59,60 like CO, formate acid, and 

oxalate etc.. CO2 is a linear and neutral molecule with polar C=O bonds. Addition of an e– 

into CO2 makes CO2
●– which is a bent molecule with a formally sp2 hybridized C. This 

redox reaction requires a large reorganization energy and the standard potential of the 

CO2/CO2
●– couple are − 1.90 V and − 1.97 V vs. NHE in water63 and N,N’-

dimethylformamide (DMF)64, respectively. Therefore, the applied potential for redox 

reaction of CO2 tends to be high. To design good electrocatalysts for CO2RR, we should 

avoid the CO2
●– intermediate and reduce CO2 into a range of reduced products at lower 

energy costs.  

1.3.2. Homogeneous CO2RR electrocatalysts 

The discussion in this section is restricted to homogeneous Fe-porphyrin CO2RR 

catalysts, as the past 10 years have seen the development of many Fe-porphyrins 

homogeneous CO2RR catalysts (Figure 1.4). A great example of such comparison, and 

an example of the importance of the Fe-porphyrin secondary sphere, used compounds 41 

and 42.65 The 2,6-dihydroxyphenyl groups in 41 were proposed to serve as explicit proton 

relays. A follow-up report comparing the activity of 41-43, showed that the groups at the 

meso positions play a dual role as both proton relays and as H-bond promotors in CO2 

bound intermediates (e.g., [FeI-CO2]–).66 In work from our lab, we also demonstrated that 

the H-bonding properties of the solvent play a central role in controlling maximum turnover 

frequencies (TOFmax) using compound 20 (Figure 1.1).67 TOFmax values of near 104 s–1 for 

20 in MeCN are similar to those for 41 in DMF, but 20 has 7 fewer -OH groups. This 

observation of the solvent has impacts on catalyst design and operational conditions, 

which we return to below. 

The importance of electronic effects, in the absence of H-bond donors, was 

explored using 1 (Figure 1.1), 39, and 44-46. These showed that inductive effects play 

important roles in modifying both the Fe formal reduction potentials and the turnover 

properties of the catalysts.68 The TOFmax for 44 was less than TOFmax for 1, but the 

overpotential was smaller. In a general sense, the presence of electron withdrawing 
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groups lower CO2RR overpotentials, but at the cost of TOFmax.68 Electronic effects also 

impact proton transfer reactions. At a given concentration of acid, there is a linear 

correlation between catalyst reduction potential (i.e., E°’(FeI/0)), and the catalytic rate 

constant. Again, more positive potentials (i.e., lower overpotential) correspond to lower 

TOFmax. In related work, where the catalyst π-system is extended using thienyl groups (47 

and 48), a TOFmax similar to compound 1 (near 104 s–1) was maintained while 

overpotentials were decreased by ~150 mV.69 

 

Figure 1.4. Examples of Fe-porphyrins used in studies of electrocatalytic carbon 
dioxide reduction. 

Catalyst electrostatic effects were investigated in a comparative study of 1, 44-46, 

and 49-51. As noted for 44-46, inductive effects of the functional groups in 49 and 50 

accounts for changes in catalyst potentials and TOFmax values. Compound 50 is in a class 

of its own. The cationic trimethyl anilino groups induce a factor of ~100 increase in TOFmax 

(to ca. 106 s–1) while decreasing CO2 reduction overpotential by about 200 mV. 

Electrostatic stabilization of anionic intermediates, such as [FeI-CO2], are proposed to be 

crucial to the observed improvements. An external proton source is still important for 

turnover. In related work, the attachment of methylimidazolium fragments (compound 52) 
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induces a similar shift to TOFmax and E°’(FeI/0) as was observed for 51.70 Notably, 52 

functions as a homogeneous catalyst in water with >90 % Faradaic efficiency for CO2-to-

CO conversion. Finally, related to catalyst electronic effects was the discovery that 18 

(Figure 1.1) can reduce CO2 in the presence of O2.71 This behavior was attributed to a 

500-fold greater affinity for CO2 than for O2 in the formally Fe0 state of the catalyst. 

Positional effects of H-bonding groups were probed using 53-56.72 Interestingly, 

the formal potential of the FeI/0 couple is weakly dependent on the substitution pattern, but 

the TOFmax values depend strongly on 2- versus 4 substitution. Compounds 53 and 54 

showed much higher TOFmax than compounds 55 and 56. Specifically, the positional effect 

of the amide group in 54 (TOFmax = 5.5  106 s–1), results in a 100-fold increase in TOFmax 

versus 53 (TOFmax = 2.2  104 s–1). The increase in TOFmax was attributed to the more 

favorable binding of CO2 to Fe0 in 54 than in the other porphyrins. A favorable position of 

the H-bond donating amide group is essential in promoting stronger CO2 binding. Related 

work on hangman porphyrins (57-59) showed that the H-bonding position of 57 gave rise 

to superior CO2 reduction kinetics than for the other two, although the TOFmax values were 

moderate in all of those molecules (>103 s–1).73 

Cofacial Fe-porphyrin dimers also have been described. (compounds 60 and 61).74 

The ortho spacer in 61 gives rise to a better CO2 reduction catalyst. A series of related 

porphyrin dimers where the phenyl groups are replaced with other electron donating (e.g., 

mesityl) or electron withdrawing (e.g., C6F5) modify the catalyst’s TOFmax and 

overpotentials in a trend that is analogous to the monomeric compounds described 

above.75 However, the inclusion of a second porphyrin induced a modest additional 

improvement to TOFmax and decrease in overpotential with respect to monomeric analogs.  

1.3.3. Heterogeneous CO2RR electrocatalysts 

1.3.3.1 Iron porphyrins 

Some of the earliest efforts on CO2 reduction by metalloporphyrins involved 

heterogeneous catalysis.61,62 As the field has expanded from fundamental investigations 

of homogeneous catalysts to applied heterogeneous catalysts, interest in the area has 

renewed.76 Variants of 41(Figure 1.4), where one of the 2,6-dihydroxyphenyl groups is 

replaced with a 1-propylpyrene77 or 4-carboxyphenyl group allowed for noncovalent and 
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covalent, modification of carbon supports, respectively. Interestingly, both modification 

methods gave rise to an aqueous catalyst system with similar overpotential (ca. 500 mV) 

and TOF (about 150 hr–1). Compound 50 has been incorporated into an electrolyser 

device.78 That same catalyst has been studied in other devices, and its performance 

depends strongly on the specific device construction.79,80 Indeed, the mode of 

immobilization is usually important in determining the performance of a catalyst system. 

Dimeric versions of iron tetraphenylporphyrin show dramatically improved CO2 reduction 

activity when immobilized on carbon nanotubes.81 In contrast, when 4 (Figure 1.1) is 

incorporated into a metal-organic framework, there are losses to selectivity (i.e., mixtures 

of H2 and CO are produced),82 but selectivity is restored when carbon is added as a 

support.83 

1.3.3.2. Cobalt porphyrins 

Co-porphyrins are the more widely investigated electrocatalysts for CO2 reduction, 

perhaps due to their use in some of the early studies of CO2 reduction.61,62 The simplest 

tetraphenylporphyrin compound 31 (Figure 1.2) has been a popular compound as a 

catalyst for electrocatalytic heterogeneous CO2 reduction. A detailed investigation of 31 

highlights trade-offs in Faradaic efficiency and overall current density as the catalyst 

loading is changed.84 A low loading is preferred to avoid catalyst aggregation. Both 

covalent immobilization on carbon cloth85 or non-covalent immobilization on carbon 

materials86 using 31 gives rise to materials that reduce CO2 in water to give mixtures of 

CO and H2.  



 

16 

 

Figure 1.5. Examples of Co-porphyrins used in studies of electrocatalytic carbon 
dioxide reduction. 

Other examples of Co-porphyrin CO2RR catalysts with different functional groups 

are available. When adsorbed on pyrolytic graphite, 62 (Figure 1.5) produces CO, H2, and 

CH4, depending on pH and applied potential.87 Covalent88 and metal-organic89 frameworks 

where the active sites are derived from 63 or 64 (Figure 1.5), respectively, are active CO2 

reduction catalysts. The activity of the covalent organic frameworks is noteworthy, 

achieving high turnover numbers and good selectivity for production of CO at moderate 

overpotentials.88 The effect of aromatic ancillary groups has also been explored using 

compounds 65-70.84 Electron donating groups were proposed to increase electron density 

at the Co active site, while cationic groups were proposed to stabilize anionic 

intermediates (e.g., [CoI-CO2
–] or similar). One noteworthy result is that the cationic 2-N-

methylpyridyl group in 67 did not elicit a significant increase in TOFmax and decrease in 

overpotential, as established for the related iron complex, 51, bearing trimethyl anilino 

groups.68  

1.3.4. CO2RR mechanisms and catalyst design 

The most widely accepted mechanism for Fe-porphyrins catalyzed CO2 reduction 

is shown in Figure 1.6 (A). Fe-porphyrins are noteworthy for their generally high selectivity 

for CO. Formate is a common side product which can be formed from complex D via the 

pathway shown in blue. Several of the proposed intermediates have been observed using 

SERRS-RDE.90 The rate limiting step is thought to be from complex D to complex E. Using 
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a set of carefully designed experiments, it was shown that the internal electron transfer, 

protonation-O bond breaking are concerted, at least under those specific conditions. 

The importance of H-bonding around the Fe active site should be highlighted. The 

ability of ancillary groups to promote H-bonding interactions that stabilize C and to facilitate 

the proton transfer to yield complex D, and then complex E, have been shown to be 

important features to improve a CO2RR catalyst.66 H-bonding appears to be essential for 

catalyst function based on experimental work. A density functional theory investigation of 

CO2 reduction by 1 and 51 support that CO2 binding is rate limiting,72, 91 as proposed in 

the experimental work. However, in contrast to experiment, the computational work did 

not reveal a strong H-bonding or proton relay effect. Work from our lab using 21 showed 

that solvent H-bonding properties are crucial in determining the effectiveness of a catalyst 

H-bonding group.67 DMF solvent, a strong H-bond acceptor, shuts down CO2 reduction by 

21, while the activity is much better in CH3CN, which is a weaker H-bond acceptor. 

For Co-porphyrins, the CO2 reduction mechanism (Figure 1.6 (B)) generally follows 

the framework set out for Fe-porphyrins. However, the ability of Co-porphyrins to reduce 

protons adds an additional set of reactions (pathway involving complexes A, B, and F).92 

The basic mechanism in Figure 1.6 (B) is supported by experiment84,87 and by theory.93,94 

From analysis of Tafel slopes, the rate limiting step has been proposed to be the initial 

electron transfer and CO2 binding (A→C).84 Others have called this the potential 

determining step87 and we point out that the distinction between the two terms is not 

always straightforward.95 We also note that theoretical work disfavors the formation of 

intermediate E, while more recent work from our lab indicates that the formally 16e– CoIII-

CO complex could be formed under certain circumstances.96 
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Figure 1.6. (A) Prototype CO2 reduction cycle by Fe-porphyrins; (B) Prototype CO2 
reduction cycle by Co-porphyrins. 

1.4. Metal-oxo C-H/C-C activation chemistry 

Petroleum is very important to our modern civilization, but its finite supply makes 

it vital to find both petroleum alternatives and better ways to use existing petrochemicals. 

One replacement, biomass, is attractive because it is organic matter that is renewable 

over time. It has long been recognized as a promising alternative to petroleum. As the 

most abundant biomass resource, lignocellulose has three components: cellulose, 

hemicellulose, and lignin. Of these, lignin is still underutilized. Currently, most lignin is 

burnt directly as a source of heat energy. Since lignin is rich in aromatics, it has the 
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potential to be decomposed to yield valuable products.97 However, the chemical bonds 

are very strong in lignin. Therefore, it is attractive to find viable ways to activate the bonds 

in lignin to produce organics that are traditionally obtained from petroleum. In addition, the 

finite supply of petroleum requires people to better use of existing molecules (C–H bond 

activation).98 In many ways, challenges in transforming biomass and utilizing 

hydrocarbons are intertwined. The most significant area that unites these areas are the 

fundamental aspects of bond activation.  

Activation of carbon-hydrogen (C-H) bonds has been of interest to inorganic and 

organic chemists for over a century5–7 and metal oxo compounds have received a great 

deal of research attention.99,100 There are numerous examples in the literature. Most metal 

oxo complexes are high valent (e.g., Mn(IV), Ru(IV), Cr(VI)), typically making them good 

oxidants. Upon reduction, these complexes typically become Brønsted base. Both 

features confer the ability of a metal oxo to abstract a hydrogen atom (H• = H+ + e–) from 

C-H.101 Any C-H activation reaction is part of the large family of proton-coupled electron 

transfer (PCET) reactions, which involve the transfer of protons (H+) and electrons (e–). 

The oxidation of hydrocarbons often occurs via a concerted mechanism, wherein there 

are no discernible intermediates corresponding to single proton transfer or electron 

transfer reactions. As mentioned above, metal-oxo compounds are popular in 

investigations of C-H activation of organic molecules, where they can serve as H• 

acceptors or single electron oxidants. 

Vanadium oxo complexes are unique in that they carry out a great many 

transformations of C-C and C-H bonds,102,103 including hydrogen atom transfer. Waidmann 

et al. found that oxo-vanadium compounds could abstract a hydrogen radical (H∙) from 

organic substrates with C–H bonds under thermal condition over 5 days. A conversion of 

approximately 20% of 9,10-dihydroanthracene (DHA) to anthracene was observed.104 

Hanson et al. observed C–C and C–H bond cleavage products of the reactions of 

dipicolinate vanadium and pinacol monomethyl ether, 2-phenoxyethanol, 1-phenyl-2-

phenoxyethanol, and 1,2-diphenyl-2-methoxyethanol.105 The oxidation of 2-phenoxy-1-

phenylethanol was carried out using VO(acac)2 by Ma and co-workers.106 Although these 

studies showed the possibility of activating C–C and C–H bonds, most thermal reactions 

require long reaction times and elevated temperatures to reach completion. The example 

of substrates and vanadium complexes used in the literature have been shown in Figure 

1.7. 
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Figure 1.7. (A) Examples of substrates for bond activation chemistry; (B) Examples 
of vanadium complexes for bond activation chemistry. 

 

1.5. Methodology for electrochemistry 

1.5.1. Hydrodynamic Electrochemistry 

The work described in Chapters 2 and 4 makes use of hydrodynamic 

electrochemistry techniques to evaluate kinetics, the numbers of electrons involved in a 

catalytic process, and the product distribution (especially in the case of ORR). Specifically, 

the two techniques that I used were rotating disk electrochemistry (RDE) and rotating ring-

disk electrochemistry (RRDE). Both techniques rely on a lamellar flow included by angular 

rotation of an electrode (e.g., Figure 1.8). RDE experiments use electrodes that have 

similar construction to traditional 3-electrode electrochemistry experiments. In contrast, 

RRDE electrodes are 2-in-1 construction, where a round “disk” electrode is surrounded by 

a metal “ring” electrode (Figure 1.8). In my work, an edge-plane-graphite (EPG) disk and 

platinum (Pt) ring were used.  
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Figure 1.8. A diagram for a Rotating ring disk electrode bearing a Pt-ring (shown in 
white) and an EPG disk (shown in black). The mechanistic principle for a RRDE 
electrode is shown considering clockwise rotation. 

The RRDE experiments require the use of a bipotentiostat, which is able to 

simultaneously control voltages and measure currents at the two working electrodes (i.e., 

disk and ring). Importantly, the ring and disk can be held, or scanned, at different potentials 

with respect to a common reference. Likewise, a common counter electrode is used, in 

analogy to traditional three-electrode experiments. For my ORR experiments, linear 

sweep voltammetry was used to scan the disk electrode through a given potential window. 

The ring electrode was held at a constant value (1.2 V) such that any partially reduced 

oxygen species (O2
•–, HO•, H2O2) that are generated at the disk would be oxidized back to 

O2. For a perfect reduction of O2 to H2O, the ring current should be zero. Thus, changes 

in ring currents can be correlated to the partial reduction of O2 during electrocatalysis. 

Hydrodynamic electrochemistry techniques control the flux of substrate at the 

working (disk, for RRDE) electrode. As a consequence, limiting currents (often called 

plateau currents) are reached when the potential is scanned to a region where mass 

transport limits turnover. Analysis of the rotation rate dependence of plateau currents can 

yield information and kinetics and product distributions in electrocatalytic reactions (see 

below). In RRDE, a single, slower rotation rate is used such that reactions at the ring are 

not masked by rapid diffusion. The limiting disk current at the disk is denoted Id. Oxidation 

processes at the ring give the corresponding ring current, Ir. Analysis of Id and Ir at a fixed 

potential within the plateau region gives information about the degree of H2O production 
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in ORR (or conversely, the amount of H2O2 produced). Likewise, the number of electrons 

(𝑛) involved O2 reduction can be obtained.107 Equations 1.1 and 1.2 illustrate these points:  

%H2O2 = 
2×𝐼𝑟/𝑁

𝐼𝑑+𝐼𝑟/𝑁 
 × 100 (1.1) 

𝑛 = 4 𝐼𝑑 (𝐼𝑑 +  𝐼𝑟 𝑁⁄ )⁄  (1.2) 

In these equations, 𝑁  is the collection efficiency of the electrode, which is 

measured by taking the ratio of Ir/Id for a test redox couple. In this work, 𝑁 was evaluated 

as 0.24 (see Chapter 2) by analyzing the behavior of potassium ferricyanide in electrolyte 

solutions.  

As suggested above, analysis of plateau currents from RDE can also yield 

information about the number of electrons involved in a catalytic process. The first 

benchmark is a consistent increase in plateau currents as a function of rotation rate (). 

This indicates a stable catalytic system where mass transport is rate limiting (rather than 

intramolecular chemical or interfacial electrochemical steps). The limiting currents (ilim) at 

different values of  are used to construct a Koutecky-Levich (K-L) plot.108 K-L plots show 

(ilim)–1 as a function of –1/2. The plots should be linear and follow equation 1.3. 

𝑖𝑙𝑖𝑚
−1 =  𝑖𝐿𝑒𝑣

−1 −  𝑖𝑘
−1 (1.3) 

The linear plots have an intercept of ik–1 (the kinetic current) and a slope of iLev
–1. 

The number of electrons involved in catalysis (n) can be extracted from iLev = 

0.62 𝑛FACD2/3υ-1/6ω1/2, where F is the Faraday constant (C mol–1), A is the disk electrode 

area (in cm2), C is the concentration of the substrate in the electrolyte solution (mol cm–3), 

D is the diffusion coefficient of substrate in the electrolyte solution (mol cm–3), and υ is the 

kinematic viscosity of the electrolyte solution at a given temperature (cm2 s–1). Once a 

value of n is determined the overall bimolecular rate of reaction can be obtained from the 

kinetic current (ik = = 𝑛FAC𝑘𝑐𝑎𝑡Γcat), where Γcat is the electroactive species on the disk 

surface (mol/cm2), 𝑘𝑐𝑎𝑡is the overall reaction rate constant (M–1 s–1), and the other values 

are as given above. 
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1.5.2. Methodology for elucidating the kinetics parameters of 
electrocatalysts 

Electrocatalytic kinetics parameters can also be extracted from cyclic 

voltammograms (CVs). This usually requires the presence of high concentrations of 

substate and co-substrate (e.g., O2 + H+ or CO2 + H+). Under such conditions, cyclic 

voltammograms can show a sigmoidal (or “S”) shape, with an obvious plateau 

current.109,110 Note that this situation does not require electrode rotation. This CV waveform 

arises when the maximum turnover frequency matches the observed rate constant for a 

given reaction (kobs).111,112 There are not very many examples of these types of CVs 

because the sigmoidal shape is only observed in cases where there are almost no 

competing reactions. Such reactions can include depletion of substrate or co-substrate at 

the electrode surface, other means of electrode passivation, or catalyst degradation.111 

Due to these limitations, an irreversible CV is observed in most cases. Analysis of these 

waves is still possible however, and meaningful kinetics parameters can be extracted 

using the “foot-of-the-wave” (FOW) analysis.111 

1.5.2.1. Foot-of-the-wave analysis (FOWA) 

In cases where it is not convenient, or possible, to use hydrodynamic 

electrochemistry, kinetics parameters for an electrocatalytic process can be extracted from 

irreversible CVs. This involves analysis of current responses near the onset potential of 

catalysis rather than at the peak currents. This method avoids any interference from 

substrate depletion or catalyst destruction. In addition, CVs can be recorded at scan rates 

≥1 V s–1 to further eliminate these problematic secondary reactions. FOW analyses use 

equation 1.4 for homogeneous and equation 1.5 for heterogeneous, 

𝑖

𝑖𝑝
0 =  

2.24
√𝑘𝑜𝑏𝑠

√𝑓𝑣
 

1+ 𝑒[𝑓(𝐸− 𝐸𝑐𝑎𝑡
0 )]

 (1.4) 

Here 𝑖 is the current, 𝑖𝑝
0 is the peak height of the Mn/n–1 couple (determined by 

taking the difference between the peak current and baseline current before the couple), 𝐸 

is the potential, 𝐸cat
0  is the potential at which the catalytic current is half maximum current 

( 𝑖𝑝𝑙 ) or catalytically relevant reduction potential, 𝑣  is the scan rate (V/s), 𝑘𝑜𝑏𝑠 is the 

pseudo-first order rate constant, and 𝑓 is the ratio of F/RT, where F, R, and T have their 

usual meanings. When applicable, plots of 𝑖 𝑖𝑝
0⁄  versus [1 +  𝑒[𝑓(𝐸− 𝐸𝑐𝑎𝑡

0 )]] are linear and a 
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fit of the region where 𝑖 𝑖𝑝
0⁄  > 1 provides 𝑘𝑜𝑏𝑠 (i.e., the slope of the line).111 Ultimately, 

𝑘𝑜𝑏𝑠 is used to provide an estimate of the maximum turnover frequency (𝑇𝑂𝐹𝑚𝑎𝑥). 

𝑖

𝑄𝐶𝑜
=  

k 

1+ 𝑒[𝑓(𝐸− 𝐸𝑐𝑎𝑡
0 )]

  (1.5) 

Here 𝑖 is the current, 𝑄𝐶𝑜  is the moles of electrons associated with a one-electron 

transfer process of the immobilized catalyst; 𝐸 is the applied potential, 𝐸cat
0  is the potential 

at which the catalytic current is half maximum current ( 𝑖𝑝𝑙 ) or catalytically relevant 

reduction potential, 𝑘 is the pseudo-first order rate constant, and 𝑓 is F/RT, where F, R, 

and T have their usual meanings. When applicable, plots of 
𝑖

𝑄𝐶𝑜
 versus [1 +  𝑒[𝑓(𝐸− 𝐸𝑐𝑎𝑡

0 )]] 

are linear and provide a measure of the rate constant, 𝑘 (i.e., the slope of the line).113  

1.5.2.2. Catalytic Tafel plots  

The rates of an electrochemical reaction can be related to the applied potential 

using the Tafel equation.114 The Tafel equation relies on analysis of overpotentials, in other 

words, the potential applied beyond the thermodynamic potential for a given reaction. The 

Tafel equation is given in Equation 1.6,  

ƞ = ±𝐴 × 𝑙𝑜𝑔10(
𝑗

𝑗0
)  (1.6) 

Here the ± sign refers to anodic (plus) and cathodic (minus) reactions, ƞ is the 

overpotential, A is Tafel slope, j is current density and 𝑗0 is the current in the absence of 

electrolysis and at zero overpotential (also called the exchange current density). Tafel 

slopes are measured experimentally and it can be defined as: 

𝐴 =
𝜆𝑘𝐵𝑇

𝑒𝛼
 (1.7) 

Where λ is ln(10) = 2.302585, 𝑘𝐵 is the Boltzmann constant, 1.380649 × 10-23  

J∙K-1, T is the temperature, e is the electric elementary charge, 1.602176634 × 10--19 C, 

and α is the charge transfer coefficient (between 0 and 1, usually taken as 0.5). 
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1.6. Thesis overview 

Molecular catalysts for bond activation chemistry, such as ORR, CO2RR and  

C-H/C-C bond activation, have attracted a lot of attention. Of great modern importance is 

the application of such catalysts in technology that addresses environmental and energy 

challenges. Metalloporphyrins and metal-oxo complexes are promising molecular 

catalysts for ORR/CO2RR and C-H/C-C bond activation, respectively. However, it is still 

challenging to design molecular architectures that are able to manage the delivery of H+ 

and e– using nonprecious and stable catalysts for ORR/CO2RR. Likewise, energetically 

efficient and selectively activated C-H/C-C bond with metal-oxo complexes is a challenge, 

contrasting CO2RR and ORR in that H+/e– are extracted from substrates. This thesis 

focuses on investigations of molecular electrocatalytic ORR/CO2RR and molecular 

photocatalytic C-H/C-C bond activation.  

The addition of ancillary groups (e.g., hydrogen bonding, Brønsted acid/base) near 

the active site of metal-containing catalysts is an effective way to improve selectivity and 

kinetics of ORR/CO2RR. In this regard, iron porphyrins are among the most researched 

ORR/CO2RR catalysts. Closely related cobalt porphyrin ORR/CO2RR catalysts are also 

widely studied for their use in heterogeneous systems. Several chapters in this thesis are 

based on addressing the knowledge gaps involving relations between different ancillary 

groups and a specific metal center or chemical reaction. In Chapter 2, the major concept 

is to extend the ideas about ancillary groups that have been developed for iron porphyrin 

ORR electrocatalysts to improve the performance of the corresponding cobalt complexes. 

A series of porphyrin electrocatalysts that are modified versions of Co(5,10,15,20-

tetraphenylporphyrin), where the 2-position of one of the phenyl groups contains -NH2, -

N(CH3)2, or -N(CH3)3
+, were designed and synthesized. Investigations using cyclic 

voltammetry and hydrodynamic electrochemistry show that the presence of a cationic 

ancillary group gives rise to a catalyst that is selective for the conversion of O2 to H2O 

across a wide pH range. In contrast, the other catalysts are selective for reduction of O2 

to H2O at pH 0, but produce H2O2 at higher pH. The ORR rate (∼106 M−1 s−1) and selectivity 

of the -N(CH3)3
+ -modified catalyst are invariant between pH 0 and 7. Quantum chemical 

calculations support the hypothesis that the enhancement of selectivity can be attributed 

to the distinct mechanism of O2 reduction by Co-porphyrins. Specifically, the mechanism 

relies on anionic, peroxide-bound intermediates. While protic ancillary groups are 
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important in the performance of iron porphyrin ORR catalysts, electrostatic stabilizers of 

O2-bound intermediates are more crucial for cobalt porphyrin ORR catalysts. 

In Chapter 3 and 4, the comparison between proton relay groups and electrostatic 

directing groups in cobalt porphyrin CO2 reduction reaction electrocatalysts are studied. 

Cobalt porphyrins investigated in Chapter 3 and 4 include those investigated in Chapter 

2. Cyclic voltammetry and rotating disk electrochemistry are used to study electrochemical 

properties for CO2 reduction. The products were analyzed using gas chromatography and 

1H NMR. The placement of a positively charged 2-trimethylanilinium group at one of the 

meso-positions of tetraarylporphyrin (denoted CoTPPNMe3
+) gave rise to much different 

electrocatalytic behavior with respect to known 2-hydroxylphenyl substituted cobalt 

porphyrins. In addition to CO, other products, requiring more H+ and e–, were generated 

using CoTPPNMe3
+ as the CO2RR catalyst. In Chapter 3, the addition of proton sources 

to homogeneous catalyst solutions is shown to change the CO2-binding step, which is 

distinct from iron porphyrins. 

In Chapter 5, the photochemical activation of carbon-hydrogen bonds by 

vanadium(V)-dioxo and vanadium-oxo-peroxo diimine complexes is described. Reactions 

are carried out using a selection of organic substrates with bond dissociation free energy 

values between 70 and 97 kcal mol–1. Compounds with weaker C-H bonds could be 

oxidized in minutes, rather than in days for thermal oxidations. Dioxygen is necessary for 

conversion, which suggests that the electronically excited V complexes are reaction 

initiators via H-atom transfer. This idea is supported by quantum chemical calculations.  
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Chapter 2.  
 
Electrostatic enhancement of heterogeneous oxygen 
reduction reaction using metalloporphyrinsb  

2.1. Graphical abstract 

 

2.2. Introduction 

The oxygen reduction reaction (ORR) has been studied for a long time, with 

emphasis placed on biological reactions115,116 and on the cathodic reactions in fuel 

cells.117,118 While natural systems use first row metals for ORR chemistry, platinum is 

primarily used as the catalyst in fuel cells. Improving the adoption of fuel cell technology 

is closely tied to the identification of an inexpensive and selective catalyst for the ORR. 

For fuel cell applications, it is particularly important that O2 reduction involves the 4 

electron + 4 proton (4H+ /4e−) conversion of O2 to H2O. Other pathways, such as those 

that make superoxide (1e− reduction) or hydrogen peroxide (2H+ /2e− reduction), are 

undesirable and can lead to degradation of catalyst systems. With these ideas in mind, 

 

b Adapted from: (1) Zhang, R.; and Warren J. J. J. Am. Chem. Soc. 2020, 142, 13426 – 13434.  
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the two ongoing challenges for the development of ORR catalysts are (1) to identify 

nonprecious catalysts and (2) to favor selectivity for O2 reduction to H2O.117,119  

To address the two challenges identified above, many different coordination 

complexes, and especially metalloporphyrin complexes, have been studied.120 First row 

metalloporphyrin ORR catalysts have garnered interest and are able to satisfy the first of 

the aforementioned challenges. In particular, many investigations of homogeneous ORR 

of tetraarylporphyrins have emerged, including work in organic solvents18,121 and in 

aqueous buffers.25,122 A unifying theme of many of these reports is that the management 

of protons and electrons is crucial for selective ORR catalysis, which addresses the 

second of the above challenges. One important design feature that has received attention 

is “proton relays.” For ORR catalysis, these are typically Brønsted acids (e.g., carboxylic 

acids or pyridinium).22,23,123,124 Although the explicit roles of these groups during catalysis 

are debated, and are likely dependent on reaction conditions,120 they appear to play an 

important role in proton transfer reactions. In addition, there are several examples of 

catalysts that incorporate multiple metal centers to mediate multiple redox 

reactions.32,123,125 Early multimetallic porphyrin O2 reduction catalysts were inspired by 

biological systems, exemplified by cytochrome c oxidase active site models.126,127 As 

noted above, a great many other molecular catalyst systems have been developed that 

have different levels of performance and comprehensive reviews are available.17,120 

Iron porphyrin molecular ORR catalysts are among the most widely investigated, 

in part because they tend to favor reduction of O2 to H2O.120 The drawback is that they 

usually function at high overpotentials. An early study in our group found, for Fe-

porphyrins, graphite adsorption of catalysts and the incorporation of one proton relay, gave 

rise to robust catalysts for O2 to H2O conversion, albeit at overpotentials ≥1 V.128 In 

contrast, Co-porphyrin ORR catalysts can function at lower overpotentials, but favor 

production of H2O2.129 We recently reported that the replacement of one phenyl group of 

Co(5,10,15,20-tetraphenylporphyin) (CoTPP) with a 2- pyridyl group dramatically shifted 

the ORR selectivity from H2O2 to H2O in the case of graphite adsorbed catalysts.130 In 

related work, Anson and co-workers carried out several investigations of graphite-

adsorbed Co-porphyrin ORR catalysts,129,131 but only some of those molecules or catalyst 

preparations were selective for reduction of O2 to H2O.131,132 Any design of molecular 

catalysts must consider the key intermediates in a catalytic cycle.133 The mechanism by 

which O2 is reduced by Fe- and Co-porphyrins is likely different at some key reaction 
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steps. In both cases, a reduced metal (i.e., M(II)) binds O2 to give a metal-superoxide 

complex (i.e., [M(III)-O2 •−]n). For Fe, the pathway likely involves reduction and protonation 

to yield the corresponding hydroperoxo complex ([M(III)-O2H]n). Further reduction and 

protonation of a ferric-hydroperoxo can yield a formally FeIV=O complex.134 Catalyst-

control over proton transfer is especially important for this reaction in iron porphyrin ORR 

catalysts.48 Co(II) also binds O2 to form a superoxo complex,135–137 but from this point, the 

mechanisms for Co and Fe diverge. Cobalt porphyrins cannot form stable CoIV-oxo 

complexes138 and reduction of a Co(III)-O2•− intermediate has been proposed to give a 

[Co-OOH−] complex during aqueous ORR.56 Protonation of that complex can yield H2O2. 

This reduction sequence is different than what has been proposed in homogeneous 

organic solutions,139 but such medium effects can have substantial effects on ORR 

chemistry.140 The incorporation of proton relays or redox active ancillary groups have been 

investigated in Co porphyrins, but those designs do not explicitly account for the possibility 

of an anionic, peroxide-bound intermediates. In this Chapter, a systematic investigation of 

a series of cobalt porphyrin electrocatalysts (Figure 2.1) that probes how the identity of 

different ancillary functional groups affect the performance and selectivity for ORR is 

described. Of particular interest are differences in the performance of catalysts with groups 

that support hydrogen bonding and those that carry a permanent positive charge. 

Figure 2.1. Structures and abbreviations of the cobalt(II) 5-(2-R)-10,15,20-
triphenylporphyrins investigated for O2 reduction reaction. 
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2.3. Results 

2.3.1. Cyclic voltammetry 

CoTPP(CoTPPH) and CoTPPNH2 were synthesized using a literature procedure 

and CoTPPNMe2 and CoTPPNMe3
+ were first-time synthesized using a modified literature 

procedure. Details of the syntheses are described in Section 2.6.2. Homogeneous cyclic 

voltammetry experiments were first carried out in MeCN solvent (Figure 2.2). For CoTPP 

a reversible CoIII/II couple was observed at 0.67 V (versus ferrocenium/ferrocene, 

Cp2Fe+/0), consistent with the reported value in propionitrile.141 The CoIII/II potential for 

CoTPPNH2 (0.70 V versus Cp2Fe+/0) is similar to that of CoTPP, but the potentials for 

CoTPPNMe2 (0.75 V versus Cp2Fe+/0) and CoTPPNMe3
+ (0.78 V versus Cp2Fe+/0) are 

somewhat higher. This is qualitatively consistent with the shift in potential observed for an 

NMe3
+-substituted iron porphyrin.142 The observed values are similar to the reported 

potentials for a series of Co-tetraarylporphyrin derivatives.143 
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Figure 2.2. Cyclic voltammograms (CVs) for each Co-porphyrin (identity given in 
inset) in Ar-sparged 0.1 M TBAPF6 MeCN solution. Working electrode: glassy 
carbon; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1. 

Next, each of the Co-porphyrins was drop cast on edge plane graphite (EPG) 

electrodes. CVs were first collected in Ar-sparged electrolyte at pH values of 0, 4, and 7. 

CVs for all complexes can be found in Appendix A. As expected, from studies of other 

deposited Co-porphyrins the responses are weak.144–146 The data for CoTPPNMe3
+ are 

shown in Figure 2.3. CoTPP exhibits a weak, broad wave at 0.55 V versus NHE, consistent 

with a report for a similar electrode preparation of CoTPP.147 The cathodic peak (Ep.c) is 

observed at 0.47 V (pH 0). This wave is pH-dependent, shifting to more negative values 

as the pH is increased. A definitive assignment of formal potentials is complicated by the 

background response from the EPG electrode and poorly defined anodic waves (Ep,a). 

Overall, the observed pH dependence of the CoIII/II couple is roughly consistent with the 

behavior of a soluble, related analog cobalt(5,10,15,20-tetra(4-N-methlypyridyl) 

porphyrin148,149 where the pH-dependence is attributed to pronation/deprotonation of an 

axially ligated H2O. For CoTPPNH2 and CoTPPNMe2, Ep,c are observed at 0.32 and 0.38 

V, respectively. CoTPPNMe3
+ has Ep,c at 0.37 V.  
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When the electrolyte solutions are sparged with O2, CVs for all of the drop-cast 

Co-porphyrins show a definite increase in current near the CoIII/II couple (Figure 2.4 and 

Appendix A). The increase in current is known for CoTPP, which is an established O2-to-

H2O2 reduction catalyst.144,145 For CoTPP (100 mV s−1 scan rate), the peak of the catalytic 

wave, or Ecat, appears at 0.25 V (pH 0), 0.11 V (pH 4) and −0.03 V (pH 7), or 40 mV per 

pH unit. For CoTPPNH2, the Ecat is at 0.31 V (pH 0), 0.05 V (pH 4), − 0.16 V (pH 7), or 67 

mV per pH unit. The corresponding methylated complex, CoTPPNMe2, shifts slightly more 

(ca. 75 mV per pH).  



 

33 

 

Figure 2.3. Cyclic voltammograms at pH 0 (A), pH 4 (B), and pH 7 (C) of CoTPPNMe3
+ 

drop-cast on EPG. Blue traces are in Ar-sparged solution and red are in O2-sparged 
solution. All scan rates are 100 mV s−1. The small vertical arrow indicates the 
position of Ep,c. 

 

Figure 2.4. Comparison of cyclic voltammograms of EPG-adsorbed CoTPPNH2 
(black), CoTPPNMe2 (blue), and CoTPPNMe3+ (red) at pH 0 (A) and pH 7 (B). All scan 
rates are 100 mV s−1. 
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2.3.2. Rotating ring-disk electrode and rotating disk electrode 

voltammetry  

The products of O2 reduction by each catalyst are analyzed using a series of 

hydrodynamic electrochemistry experiments. First, rotating ring-disk electrochemistry 

(RRDE) is used as a direct probe of the selectivity of ORR for each of the cobalt catalysts. 

As for the CV experiments, pH values of 0, 4, and 7 are used and the results are set out 

in Table 2.1. ORR selectivity is assayed by calculating the number of electrons (n) involved 

in ORR using eq 1.2. The percent H2O is calculated using equation 1.1. RRDE traces for 

CoTPPNMe3
+ are set out in Figure 2.5 and are in available Appendix A for the other 

porphyrins. As expected, CoTPP catalyzes primarily a 2e− O2 reduction reaction to yield 

H2O2. The addition of a protonatable nitrogen in CoTPPNH2 and CoTPPNMe2 somewhat 

increases the selectivity for reduction of O2 to H2O at low pH, but the selectivity begins to 

favor production of H2O2 as the pH is raised. In contrast, CoTPPNMe3
+ exhibits a greater 

degree of 4H+/4e− O2 reduction at all pH values tested. The errors of the RRDE results 

were from different parallel experiments. 

Figure 2.5. RRDE linear sweep voltammograms for CoTPPNMe3+ deposited on an 
EPG disk electrode under 1 atm O2. The rotation rate was 900 rpm. The scan rate 
was 20 mV s−1. The potential at the Pt ring was 1.2 V. 

We also carry out rotating disk electrochemistry (RDE) experiments and analyzed 

the results using Koutecky−Levich (K-L) analysis (eq 1.3, Figure 2.6) as an independent 

measure of the number of electrons involved in O2 reduction. Eq 1.3 is given as where I is 

the observed current, n is the number of electrons passed, F is the Faraday constant 

(96,485 C mol−1 ), A is the electrode surface area (0.075 cm2 ), D is the diffusion coefficient 

of O2 (1.9 × 105 cm2 s −1 ), ν is the kinematic viscosity of water (at 22 °C = 0.01 cm2 s−1 ), 
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C is the concentration of O2 (2.6 × 10−7 mol cm3),150,151 and ω is the electrode rotation rate 

in radians per second. K-L plots (e.g., Figure 2.6) are linear and the values calculated for 

n from the slopes of the linear fits are set out in Table 2.1. Additional K-L plots are shown 

in Appendix A. The errors of the RDE results were from parallel experiments and the errors 

to fit linear. The results for analyses using K-L plots are, in general, similar to those from 

RRDE. However, there are some differences, especially as the pH is increased for CoTPP, 

CoTPPNH2 and CoTPPNMe2. We are not the first to notice such behavior when comparing 

between RDE and RRDE experiments for Co-porphyrin catalyzed ORR.146 In addition, 

RRDE experiments are sensitive to the state of the Pt ring electrode, especially when 

significant H2O2 is produced.145 For CoTPP, n is less than 4 at all pH, consistent with other 

reports.144,145 In contrast, CoTPPNMe3
+ is much more selective for the reduction of O2 to 

H2O at all pH. For CoTPPNH2 and CoTPPNMe2, more H2O is produced at pH 0 (when the 

ancillary group is protonated) than at pH 4 or 7. Based on marked differences in the shape 

of RDE traces as the pH is increased, these two catalysts appear to be less stable when 

more H2O2 is produced.  

Table 2.1. Summary of the number of electrons (n) involved in ORR catalysis for each cobalt porphyrin 

Catalyst pH RRDE RDE 
nRRDE H2O% nRDE 

CoTPP 0 2.6 ±  0.1 31 ±  5 2.2 ±  0.3 
4 2.8 ±  0.2 40 ±  5 2.3 ±  0.2 
7 3.0 ±  0.1 48 ±  5 2.6 ±  0.1 

CoTPPNH2 0 3.1 ±  0.1 57 ±  4 3.5 ±  0.5 
4 2.7 ±  0.2 33 ±  5 3.1 ±  0.4 
7 3.0 ±  0.1 49 ±  6 2.2 ±  0.2 

CoTPPNMe2 0 3.4 ±  0.1 68 ±  3 3.0 ±  0.5 
4 3.0 ±  0.1 51 ±  6 3.2 ±  0.4 
7 3.1 ±  0.1 54 ±  7 2.2 ±  0.2 

CoTPPNMe3
+ 0 3.8 ±  0.2 91 ±  4 3.5 ±  0.2 

4 3.5 ±  0.2 74 ±  5 3.2 ±  0.3 
7 3.2 ±  0.2 62 ±  8 3.4 ±  0.4 
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Figure 2.6. (A) Linear sweep voltammograms from rotating disk electrochemistry 
experiments for CoTPPNMe3

+ in pH 0 solution and (B) Koutecky-Levich (K-L plots) 
derived from the data in panel (A). 

 

The kinetics of O2 reduction by CoTPPNMe3
+ drop-cast on EPG electrodes in 

different pH solutions were extracted from K-L plots. The electroactive CoTPPNMe3
+ 

concentration on EPG electrodes were calculated from the total charge (QCV=155, 119 

and 90 nC at pH 0, 4, and 7, respectively) passed at the reductive CoIII/II in argon-sparged 

solutions, i.e., Гcat= QCV/nFA, where n was the number of electrodes is 1, F was Faraday 

constant, and A was electrode surface area. The above charges yield values of Гcat of 2.1 

 10–11 mol cm–2, 1.6  10–11 mol cm–2 and 1.2  10–11 mol cm–2, respectively, at pH 0, 4 

and 7. The intercepts form K-L plots were used to calculate the catalytic rate constants. 

Although the same concentration solution and same amount of solution were dropped on 

the surface, there still existed errors of drop-cast method, which caused different total 

charge values. The second-order catalytic rate constant for CoTPPNMe3
+ drop-cast on 

EPG were 1.1  106 M–1 s–1, 9.3  105 M–1 s–1 and 9.1  105 M–1 s–1 at pH 0, 4 and 7, 

respectively. These rates are very similar to those reported for other heterogeneous Co-

porphyrin catalysts.146,152 Strikingly, the rate constants are nearly insensitive to pH 

between pH 0 and 7. 

2.3.3. Quantum chemical calculations 

Quantum chemical calculations using the series of intermediates proposed by 

Anson are carried out.56 The complexes considered were CoTPP, CoTPPNH2 and 
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CoTPPNMe3
+ with O2, O2

2–, and HOO– ligands. Optimized structures are given in Figure 

2.7 and in Appendix A. Bond metrical parameters for CoTPP were in accord with 

experiment,153,154 and those for the CoTPP-O2 complex were similar to other 

computational studies.155,156 Optimized structures and some key bond lengths are shown 

in Figure 2.7. For simplicity, only CoTPPNH2 and CoTPPNMe3
+ are shown in Figure 2.7. 

The results for CoTPP are very similar to those for CoTPPNH2 (see Appendix A). The 

CoTPPNMe3
+ complex shows longer O-O bond lengths in each of the complexes in Figure 

2.7. Notably, the O-O bond length in the hydroperoxide complex [HOO-CoTPPNMe3]0 is 

longer than we calculated for H2O2 (1.472 Å versus 1.466 Å). This greater degree of 

activation is consistent with the observation of CoTPPNMe3
+ reduction of O2 to H2O rather 

than H2O2.  

 

Figure 2.7. Optimized structures for CoTPPNH2 (left column) and CoTPPNMe3
+ right 

column. The top row shows dioxygen complexes, the middle row shows peroxide 
complexes, and the bottom row show hydroperoxide complexes. The O-O distances 
are given above the oxygen ligands and the NH-O bond distances are given from 
CoTPPNH2. 

 



 

38 

 

Figure 2.8. Calculated relative free energy changes for O2 reduction by CoTPPNH2 
(red) and CoTPPNMe3

+ (red). 

Free energies were calculated for different reaction steps (Figure 2.8) following 

methods described by Carter and co-workers.157 The results can help probe different 

reaction pathways, more discussion is provided below.  

2.4. Discussion 

2.4.1. Analysis of pH effects and H2O selectivity 

For CoTPP, CoTPPNH2 and CoTPPNMe2, Ep.c are observed at 0.47, 0.32 and 0.38 

V, respectively. CoTPPNMe3
+ has Ep,c at 0.37 V. (Figure 2.2 and Appendix A) Notably, the 

Ep,c values for CoTPPNMe3
+ are comparatively weakly dependent on pH, shifting ~ 50 mV 

more negative between pH 0 and 7. In cases where Ep,a is clearly observed, the large 

peak separations are consistent with the large reorganization energy associated with the 

CoIII/II couple. Furthermore, weak current responses for Co-porphyrins can be attributed to 

the slow addition of axial ligands to CoIII sites in heterogeneous films.145 I also note that 

the amount of catalyst that we deposit is higher than reports for other EPG-deposited Co-

porphyrins,145,158,159 to enable direct comparison with our previous work.130 Additional CVs 

for CoTPPNMe3
+ at 50% less loading are shown in Appendix A for comparison.  

Again, the CV behavior of CoTPPNMe3
+ (Figure 2.3) is distinct from the other Co-

porphyrins. Catalytic currents are observed, but the maximum current values and Ecat 

positions are weakly dependent on pH. From pH 0 to pH 7, the catalytic wave position 

moves about 0.18 V, or 26 mV per pH unit. In all cases, the observed current density is 
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not systematically dependent on pH. The pH dependence of the O2/H2O couple is 59 mV 

per pH, but the speciation of the Co-porphyrins will introduce additional pH dependences. 

First, axially ligated waters will introduce a pH dependence to the CoIII/II reduction 

potentials.148,149 In addition, the protonation state of CoTPPNH2 and CoTPPNMe2 will 

depend on pH. Using the pKa values of the conjugate acids of aniline (pKa = 4.6) and N,N-

dimethylaniline (pKa = 5.2) as models,160 it is expected that CoTPPNH2 and CoTPPNMe2 

are fully protonated (i.e., in their conjugate acid form) at pH 0 and deprotonated at pH 7. 

Finally, changing the pH can affect the protonation states of surface groups on the graphite 

electrode,161 which also could affect the CoIII/II couple. 

From the data shown in Table 2.1, it is clear that CoTPPNMe3
+ produces mainly 

H2O in a wide range of pH, which is unlike other porphyrins. One possibility is reactions of 

free or metal-catalyzed oxidations of the amine groups with the H2O2 produced during O2 

reduction.162–164 This may contribute to the disagreement between RDE and RRDE results 

at higher pH. Based on these results, aniline and dimethylaniline groups appear to be 

satisfactory proton relays at low pH (i.e., when they are protonated), but their susceptibility 

to oxidation makes them unsuitable for systems where strong oxidants can be produced. 

2.4.2. Turnover frequency 

Turnover frequency (TOF)165,166 values were determined using the kcat values given 

above and the concentration of O2 in electrolytes under 1 atm of O2. A summary of different 

logTOF for each pH studied as a function of overpotential are shown in Figure 2.9. The 

logTOF values come from the different intercept values from K-L plots. The maximum 

values of TOF were observed between 0.8 and 1 V overpotential for all pH values. Again, 

it is noteworthy that the trends of logTOF versus overpotential are very similar across pH 

values of 0 to 7. Analogous plots for CoTPP, CoTPPNH2, and CoTPPNMe2 are not as 

informative since the product selectivity (H2O versus H2O2) changes with pH. Likewise, 

inspection of K-L plots for overpotentials lower than 0.6 for CoTPPNMe3
+ suggest an 

increase in H2O2 production, so those data are not shown in Figure 2.9. 
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Figure 2.9. Turnover−overpotential relationships for CoTPPNMe3
+ at different pH 

values. TOF values were determined from K−L plots from RDE data collected in pH 
0, 4, and 7 solutions under 1 atm O2. 

Among the catalysts described here, and those in our previous work,130 

CoTPPNMe3
+

 is unique. It lacks an explicit proton relay, yet catalyzes the 4H+/4e– 

reduction of O2 with good rates and selectivity from pH 0 to 7. For CoTPPNH2, 

CoTPPNMe2, and two previously reported complexes CoTPOH and CoTPPy (5-(2-

hydroxyphenyl)-10,15,20-triphenylporphyrinato cobalt(II) and 5-(2-pyridyl)-10,15,20-

triphenylporphyrinato cobalt(II), respectively), we can begin by comparing relative pKa 

values of the different proton relays. Again taking the aqueous pKa values as models (i.e., 

pyridine-H+ (5.3), aniline-H+ (4.6), N,N-dimethylaniline-H+ (5.2) and phenol (10)160) it is 

straightforward to see one reason why CoTPOH is the least effective ORR catalyst; the 2-

hydroxyphenyl group is a much weaker acid, and cannot form a cation. Consistent with 

this idea is the behavior of the three Co-porphyrins with nitrogen bases, all show  

pKa ~ 5. These catalysts have n = 3-4 for ORR at pH 0 (i.e., H2O is the main product), but 

n ~ 2 at higher pH values. Notably, at pH 0 the selectivity of CoTPPy is quite similar to 

CoTPPNH2 and CoTPPNMe2, despite the different distance between the protonated 

nitrogen and the metal. This has been commented on, and modeled, for a related iron 

porphyrin.167 
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2.4.3. Analysis of quantum chemical calculations 

Density functional calculations were carried out to study why CoTPPNMe3
+

 shows 

better selectivity for reduction of O2 to H2O in comparison to the other three Co-porphyrins. 

As noted in the Introduction, the mechanism of ORR by Co-porphyrins has been proposed 

to procced via reduction of a peroxide- or hydroperoxide-bound intermediates.56 Our initial 

hypothesis was that the cationic trimethylaniline group would stabilize these intermediates 

and promote selectivity for reduction of O2 to H2O. Quantum chemical calculations are 

carried out to gain a greater level of insight into this proposal. (Figure 2.7 and Figure 2.8) 

The calculations (Figure 2.8) suggest that hydrogen bond between bound O2 and 

the anilino group slightly changes the O2 binding step (1 → 2). Interestingly, CoTPPNMe3
+ 

is calculated to have a higher affinity for O2, likely via ionic stabilization of bound 

superoxide (i.e., a formally Co(III)-O2
•–complex135–137). Two electron reductions (2 → 3) to 

give a Co(II)-peroxide is more favorable for the CoTPPNMe3
+ complex. The subsequent 

protonation (3 → 4) of the dianionic CoTPP-peroxide complex, to give the corresponding 

Co-hydroperoxide complex, step is more favorable for CoTPP and CoTPPNH2, resulting 

in an energy that is relatively close to that for the CoTPPNMe3
+ hydroperoxide complex. 

Protonation of the CoTPPNMe3
+-hydroperoxide complex to give H2O2 is predicted to be 

unfavorable (4 → 5), while the pathway to yield H2O is favored (4 → 6). These results 

confirm that ORR for CoTPPNMe3
+ depends on electrostatic stabilization of proposed 

peroxide-bound intermediates. 

2.5. Conclusions 

The development of catalysts for the oxygen reduction reaction (ORR) continues 

to be a challenge. The results presented here suggest that stabilization of intermediates 

through electrostatic interactions can play distinct roles in determining catalyst selectivity 

for reduction of O2. The ORR selectivity of iron porphyrin catalysts can be improved by 

introduction of hydrogen bonding interactions that influence the chemistry of Fe(III)-OOH 

intermediates or O2 binding events.48,168 In contrast, cobalt-porphyrin ORR catalysts 

cannot access high valent metal-oxo intermediates and therefore must proceed via a 

different mechanism. This leads to our proposal that ORR selectivity of Co-porphyrins can 

be improved by accounting for the mechanistic steps that are distinct from Fe-porphyrins. 
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Instead of hydrogen bonding, electrostatic stabilization of anionic intermediates (likely 

peroxide-bound Co(II)) by conjugate acids of nitrogen bases, or trimethylanilinium 

(cationic) groups is important. We demonstrated that the use of a trimethylanilinium group 

proximal to the catalytic porphyrin-cobalt site results in pH-independence of ORR rates 

and overpotentials. We suggest that this could be an overlooked design element for ORR 

catalysts, and potentially for other redox catalysts. One example comes from the CO2 

reduction literature, where a cobalt phthalocyanine with a trimethylanilinium group is an 

effective catalyst,169 though the mechanism there is less clear because the NMe3
+ group 

is not proximal to the Co. In sum, the unique physical properties of cobalt porphyrins mean 

that ORR occurs by a mechanism that is different than for iron porphyrins. This, in turn, 

demands different catalyst design elements. Ultimately, catalysts that operate over a wider 

range of reaction conditions, such as different pH ranges, can be envisioned by 

considering electrostatic interactions of activated intermediates. 

2.6. Experimental details 

2.6.1. Materials and instrumentation 

Reagents were obtained from Sigma-Aldrich unless otherwise noted and used 

without further purification. Gases were from Praxair Canada. Basal plane and edge plane 

graphite (BPG and EPG, respectively) electrodes were prepared according to the 

literature.170 Mass spectra were collected by using a Bruker microFlex MALDI-TOF mass 

spectrometer and electrospray ionization mass spectrometry experiments and Agilent 

6210 instrument. UV-visible spectra were recorded using a Cary100Bio 

spectrophotometer. Nuclear magnetic resonance (NMR) was carried out using the Bruker 

UltrashieldTM 400plus. Elemental analyses (C, H, N) were performed at Simon Fraser 

University on a Carlo Erba EA 1110 CHN elemental analyzer. 

2.6.2. Syntheses 

The ligands, 5,10,15,20-tetraphenylporphyrin (H2TPP) and 5-(2-aminophenyl)-

10,15,20-triphenylporphyrin (H2TPPNH2), were synthesized using a literature procedure.72  

5,10,15,20-tetraphenylporphyrin (H2TPP) and 5-[2-Nitrophenyl]-10,15,20-

triphenyl porphyrin (H2TPPNO2). 9, 10 2-nitrobenzaldehyde (8.20 g, 54.3 mmol) and 
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benzaldehyde (11.5 g, 108.6 mmol) were added to refluxing propionic acid (560 mL) in a 

1 L round bottom flask. Pyrrole (11.3 g, 163 mmol) was added dropwise. The solution was 

heated at reflux for 30 min in the absence of light. Upon cooling to room temperature, 

methanol (250 mL) was added and the precipitated porphyrins were collected via filtration, 

then washed with water and methanol several times. A solution of the porphyrin mixture 

in DCM was run through a silica plug to remove oligomers. H2TPP (Rf = 0.75) and 

H2TPPNO2 (Rf = 0.6) were separated from other nitroporphyrins by column 

chromatography (2:1 hexane:DCM) on silica. H2TPPNO2 was recrystallized from 

DCM/MeOH (1.67 g, 6% yield). The 1H NMR spectrum agrees with the literature reports 

of this compound.171 

5-(2-aminophenyl)-10,15,20-triphenylporphyrin (H2TPPNH2) was synthesized 

by reduction of H2TPPNO2. A solution of H2TPPNO2 (250 mg, 0.378 mmol) in p-dioxane 

(60 mL) was sparged with N2 and SnCl2·2H2O (1.02 g, 4.53 mmol) was added as a solid. 

After 10 min, concentrated HCl (87 mL) was added and the solution was heated to reflux 

for 1 h under N2 atmosphere in the absence of light. After cooling to room temperature, 

the solution was neutralized to pH 7 with 6 M NaOH and saturated NaHCO3. The resulting 

biphasic mixture was extracted three times with EtOAc, then the combined organic phase 

was rinsed with water and NaCl solution and dried over MgSO4. The product was purified 

by column chromatography (starting at 1:1 EtOAc:hexane and progressing to 3:1 

EtOAc:hexane) on silica, and finally recrystallized from DCM/MeOH (90 mg, 38% yield). 

The 1H NMR and ESI spectrum agrees with the literature reports of this compound.171 

5-(2-N,N-dimethylphenyl)-10,15,20-triphenylporphyrin (H2TPPNMe2) was 

synthesized using modified literature procedures,72,142 A solution of H2TPPNH2 (162 mg, 

0.259 mmol) in MeCN/MeOH (8 mL/16 mL) was added with formaldehyde (2.4 mL, 40eq) 

and sodium cyanoborohydride (85.1 mg, 1.30 mmol). Then, 12.96 mL glacial acetic acid 

were added dropwise and the solution was sparged with N2 at room temperature for 4 

hours. The resultant mixture was diluted with CH2Cl2 (20 mL) and washes with saturated 

NaCO3 (2  30 mL) and water (30 mL) and dried over MgSO4. The product was 

recrystallized from DCM/MeOH (32.8 mg, 18% yield). 1H NMR (400.1 MHz, CD3Cl) δ 8.79 

– 8.90 (m, 8H, ßH), 8.14 – 8.32 (m, 6H, Ar-H), 7.93 (d, 1H, Ar-H), 7.70 – 7.80 (m, 10H, Ar-

H), 7.43 (d, 1H, Ar-H), 7.31 (t, 1H, Ar-H), 2.27 (s, 6H, N-CH3); 13C NMR for the H2TPPNMe2 

ligand (100.6 MHz, CD3Cl) δ 154.18,142.49, 137.84, 129.45, 126.84. 120.22, 119.92, 

118.01, 43.51; MALDI mass spectrum for H2TPPNMe2 was m/z = 657.802, the 
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electrospray ionization mass spectrum for H2TPPNMe2 showed m/z = 658.286. The 

calculated mass for H2TPPNMe2 + H+ is m/z = 658.29. 

Porphyrins were metalated according to the literature and the reaction progress 

was monitored using UV-vis spectroscopy (see Appendix A for representative spectra).130 

CoTPP, CoTPPNH2 and CoTPPNMe2 were synthesized by refluxing ligand with excess 

Co(II)acetate in dimethylformamide (DMF) for 6 hours. CoTPPNMe2 was first time 

synthesized. The electrospray ionization mass spectrum for CoTPPNMe2 showed m/z = 

714.19. The calculated m/Z for CoTPPNMe2 + H+ is 714.21. Elemental Analyses results: 

CoTPPNMe2 (CoC46H33N5∙2H2O), Calculated: C 73.58%; H 4.97%; N 9.33%; Observed: 

C 73.63%; H 5.14%; N 8.94%. 

CoTPPNMe2 reacted with excess of methyl triflate in DMF under N2 in 24 hours to 

yield CoTPPNMe3
+. CoTPPNMe3

+ was first time synthesized. MALDI spectrum for 

CoTPPNMe3
+ CF3SO3

- showed peaks at 729.61 and 878.59 m/z that correspond to 

CoTPPNMe3
+ CF3SO3

- (calcd. 729.77 and 878.83 m/z). Elemental Analyses results: 

CoTPPNMe3
+ • CF3SO3

– (CoC47H36N5∙CF3SO3∙H2O), Calculated: C 64.27%; H 4.27%; N 

7.81%; Observed: C 64.58%; H 4.58%; N 7.87%. 

2.6.3. Electrochemical methods 

Graphite electrode surfaces [basal plane (3 mm × 3 mm) and edge plane (3 mm 

× 2.5 mm)] were prepared by lightly abrading with 600 SiC paper, washing thoroughly with 

deionized water, followed by 5 minutes sonication in isopropyl alcohol, and drying briefly, 

using a heat gun. After drying, 5 µL of catalysts (1 mM in CH2Cl2) were deposited on the 

electrode surface and air dried. For experiments under Ar, solutions were bubbled for 8-

10 minutes before data collection. Similar procedures were used for reactions under O2. 

A Pine Instruments WaveDriver 20 bipotentiostat was used for electrochemical 

measurements. Cyclic voltammetry (CV) and controlled potential electrolysis (CPE) 

measurements used a conventional three-electrode cell, with an edge plane graphite 

(EPG) working electrode, basal plane graphite (BPG) counter electrode, and a Ag/AgCl 

(saturated KCl) reference electrode. Rotating disk electrochemistry (RDE) and rotating 

ring-disk electrochemistry (RRDE) measurements used the Pine Modulated Speed 

Rotator. Potassium ferricyanide was used as an external standard for heterogeneous 
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experiments and all potentials are reported with respect to the normal hydrogen electrode 

(NHE). Electrochemical experiments were carried out in solutions with pH values of 0, 4, 

and 7. Solutions contained 1 M H2SO4 and the pH was adjusted using 1M NaOH. 

2.6.4. Computational methodology 

Calculations were performed using the ORCA 4.2.1 ab initio quantum chemistry 

program.172,173 Geometry optimizations and single point calculations were carried out 

using the TPSS functional,174 utilizing the RIJCOSX algorithm.175 The basis set was def2-

TZVP on Co and def2-SVP/def2/J on other atoms176,177 and the Becke-Johnson damping 

scheme.178,179 Metrical parameters calculated for CoTPP are similar to those in 

experimental X-ray structures.153,154 Optimized structures were characterized using 

vibrational frequency calculations at the same level of theory to confirm that the structures 

were located at a minimum on the potential energy surface. Single-point energy 

calculations used the all electron aug-cc-pVTZ basis set180,181 in the gas phase and in 

water solvent using the a dielectric continuum model (CPCM).182 The total free energy was 

calculated following Carter et al.157 and included thermochemical and entropic 

contributions. The explicit solvation energy of H+ in water (–270.3 kcal mol–1)183–185 and an 

empirical value for NHE (4.281 V)186 were used in reaction free energy calculations. 
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Chapter 3.  
Homogeneous CO2 activation by a cobalt porphyrin 
with an electrostatic directing group 

3.1. Graphical abstract 

 

3.2. Introduction  

The utilization of carbon dioxide is gaining attention with the acknowledgement of 

global energy issues and climate change concerns.187 The carbon dioxide reduction 

reaction (CO2RR) is of great interest because it could provide a route to simple organic 

chemicals.188,189 As a member of the family of aromatic macrocycles, metalloporphyrins 

are extensively studied molecular catalysts for CO2RR. Another aspect to understand this 

is that both O2 and CO2 reduction are proton-coupled redox reactions, which require that 

the catalysts to support the delivery of H+ and e–. Synthetic metalloporphyrins, the widely 

explored catalysts for bioinspired O2 reduction reaction (ORR), are promising catalysts for 

CO2RR in this regard.  

Proton relay groups are commonly studied as ancillary groups to metalloporphyrin 

catalysts for electrochemical CO2RR. The importance of proton transfers in porphyrin-

catalyzed CO2 reduction emerged in the 1990s190 and was followed by work on many other 
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models, such as different metal centers and in both homogeneous and heterogeneous 

systems.67,70,191,192 For instance, Savéant and co-workers studied compounds 1, 2, 3 and 

7 (Figure 3.1) as homogeneous electrochemical CO2RR catalysts.65,191 They introduced 

hydroxyphenyl groups in a tetraphenylporphyrin skeleton, which dramatically improved the 

reaction between CO2 and the electrogenerated Fe(0) complex. The high local 

concentration of protons associated with the hydroxyphenyl substituents was implicated 

as the main reason for the enhanced activity of compound 1.65 Compared with compound 

1, compound 3 was an example of the complementary roles of electron withdrawing 

groups (to modify reduction potentials) and pendant acid-base group in molecular 

catalysis. Phenol was added in that study, so the protonation step involved an internal 

phenolic group and the catalyst was regenerated from the external acid. A detailed kinetics 

analysis led to the conclusion that the porphyrin-hydroxyphenyl groups are both H-bonding 

stabilizers and proton donors.191 Chang and co-workers found the positioning of second-

sphere amide pendants greatly influenced the catalyst’s activity for CO2 reduction (i.e., 

compound 12 to 15 in Figure 3.1).72 Compound 12, with an NH group nearest to the metal 

center, was the most efficient catalyst. Nocera’s group studied different “hangman” iron 

porphyrins with the same amide (compound 16 to 18 in Figure 3.1).192 The intramolecular 

hydrogen bonding from the phenol and guanidinium groups in compound 18 helped 

stabilize CO2 with the porphyrin.  

A study from our group found that compound 11 (Figure 3.1) is a good 

homogeneous catalyst for electrochemical CO2 reduction. In contrast to porphyrins with 

multiple proton relay group modifications, 11 only has one 2-hydroxyphenyl group and still 

electrocatalytically converts CO2 to CO.67 Importantly, that study found that the reaction 

solvent played a crucial role in CO2 reduction, where strongly H-bond accepting solvents 

(e.g., DMF, DMSO) destroyed catalyst activity.67 When the solvent was acetonitrile, CO 

was the only detected product. Surprisingly, the compound 11 was a poor catalyst when 

the solvent was changed to dimethylformamide, which was the most common solvent for 

homogeneous CO2 reduction. 

Other important factors that are vital to electrocatalytic CO2 reduction include 

electronic substituent effects and electrostatic effects.68,142,193 Savéant’s group 

investigated substituent effects, including electrostatic effects, using iron porphyrins (i.e., 

compounds 4, 5, 6, 8, and 9 in Figure 3.1).68 Comparing compound 4, 5 and 6 to see the 

effects of introducing electron-withdrawing and electron-donating substituents, they found 
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compound 4 with four perfluorophenyl rings performed best in the standard potential of 

the catalyst couple and the rate of the catalytic reaction.142 When adding compound 8, 9 

and 10 (Figure 3.1) as a comparison, compound 10 with ortho cationic group had even 

better CO2 reduction activity than compound 4.142 This observation confirmed that 

electrostatic interactions are an important factor that can improve the activity of 

electrochemical CO2 reduction.  

 

Figure 3.1. Examples of iron porphyrins for CO2 reduction reaction. 

From the above examples, we can see that a wide array of homogeneous iron 

porphyrin electrochemical CO2 reduction catalysts has been studied, and both proton relay 

groups and electrostatic ancillary groups improve the iron porphyrin-catalyzed CO2 

reduction. Another catalyst candidate for CO2 reduction are the cobalt porphyrins, for 

which little is known about the ligand substituent effects on catalysis. For oxygen reduction 

reaction (ORR), protic ancillary groups are known to be important in the performance of 

iron porphyrin catalysts, but the electrostatic stabilizers of O2-bound intermediates shown 

in Chapter 2 were more important for determining selectivity in cobalt porphyrin ORR 

catalysts. In this Chapter, the homogeneous electrochemical CO2 reduction activity of 

cobalt porphyrin catalysts is explored, with specific interest in the differences between the 

influence of proton relays groups and electrostatic groups. The cobalt porphyrins explored 

in this Chapter are shown in Figure 3.2. 
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Figure 3.2. Structures and abbreviations of the cobalt(II) 5-(2-R)-10,15,20-
triphenylporphyrins investigated for CO2 reduction reaction. 

3.3. Results 

3.3.1. Cyclic voltammetry for cobalt porphyrins 

The syntheses for CoTPP, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3
+ were 

same as described in Chapter 2 and the synthesis of CoTPPOH is described in Section 

3.6.2. These are known compounds, prepared using established procedures. The 

electrochemical behavior of all cobalt porphyrin complexes was investigated in Ar-sparged 

and CO2-saturated MeCN solutions. Cyclic voltammograms (CVs) for each complex under 

Ar and under CO2 are set out in Figure 3.3 and in Appendix B. In Ar-sparged MeCN, all 

complexes show electrochemically reversible voltammograms. The E1/2 values for the CoII/I 

couple for each of the cobalt porphyrins are: CoTPP (–1.22 V vs. Cp2Fe+/0), CoTPPNH2 

(–1.22 V vs. Cp2Fe+/0), CoTPPNMe2 (–1.23 V vs. Cp2Fe+/0), CoTPPNMe3
+ (–1.18 V vs. 

Cp2Fe+/0) and CoTPPOH (–1.22 V vs. Cp2Fe+/0). Addition of the trimethylamine group 

induces the largest change, with the more electron rich complex undergoing reduction at 

less negative potentials. This suggests that electrostatic group modified cobalt porphyrin 

could reduce CO2 at lower potential.  

Next, each of the cobalt porphyrins were tested for CO2 reduction activity in MeCN. 

They all display catalytic CO2 reduction in MeCN. CVs of CoTPPNMe3
+ show a 46-fold 

increase in cathodic current (Ep.c) in CO2-saturated electrolyte with respect to the Ar-

saturated control (Figure 3.2). Similarly, the other porphyrins show the following increases 
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in current: CoTPPOH (36-fold), CoTPPNH2 (8-fold), CoTPP (7-fold) and CoTPPNMe2 (3-

fold). 

 

Figure 3.3. Cyclic voltammograms of CoTPPNMe3
+ in MeCN. Blue traces are in Ar-

sparged solution and red are in CO2-sparged solution. All scan rates are 100 mV  
s −1. 

 

3.3.2. Effect of additional proton source in catalysis 

The CO2 reduction reaction (CO2RR) requires multiple protons and electrons. 

Consequently, exogenous proton sources are commonly used in aprotic solvents to test 

the performance of CO2RR under conditions where protons are not limiting.194,195 Water 

and phenol (PhOH) are common additives in this regard. Water has pKa,MeCN ≥ 34196 and 

PhOH has pKa,MeCN = 29.4.197 In the presence of water, CO2 can be hydrated to form 

carbonic acid (H2CO3), which has pKa,MeCN = 23.4.198 While H2O can react with CO2, the 

speciation of dissolved CO2 in the presence of phenol is, to be the best of my knowledge, 

not well understood. Concentrations of 100 mM, 200 mM or 1 M for water, and 10 mM or 

100 mM PhOH were added to MeCN solutions and all 5 cobalt porphyrins were tested for 

CO2 reduction activity. Surprisingly, CoTPP, CoTPPNH2, CoTPPNMe3
+ and CoTPPOH 

are less effective CO2 reduction catalysts when Brønsted acids are added (Figure 3.4 and 

Appendix B). However, CoTPPNMe2 shows improved current density and lower 

overpotential when adding 10 mM PhOH, 100 mM PhOH and 1 M H2O (Figure 3.5 and 

Appendix B). 
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Figure 3.4. Cyclic voltammograms (CVs) for CoTPPNMe3

+ in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  

 

 

Figure 3.5. Cyclic voltammograms of CoTPPNMe2 left: in MeCN and right: in MeCN 
and 10 mM PhOH. Blue traces are in Ar-sparged solution and red are in CO2-sparged 
solution. All scan rates are 100 mV s−1. 
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3.3.3. Identification of reduced products and comparative kinetics 

The stability and activity of the five cobalt porphyrins during prolonged CO2 

reduction in MeCN was assessed using controlled potential electrolysis (CPE) 

experiments. Gas chromatography (GC) was used to identify and quantify the gaseous 

products in the headspace of the reaction vessel. CPE experiments were carried out with 

an applied potential at E1/2 versus Cp2Fe+/0 using MeCN solution and saturating CO2 (see 

Appendix B for current versus time plots). GC analyses were carried out by using the 

sample from the reaction head space of reactor after 1 h CPE and CO production was 

confirmed by GC against standards and the calculated Faradaic efficiency for CO is shown 

in Table 3.1 for each catalyst, the errors for the calculated Faradaic efficiency for CO are 

from parallel experiments. 

Kinetics parameters for CO2 reduction by cobalt porphyrins in MeCN were 

determined using “foot-of-the-wave” analyses (FOWA). As outlined in Chapter 1, this 

approach allows straightforward comparisons of CO2 reduction catalysts. The FOW 

equation is shown in  eq 1.4, where 𝑖 is the current, 𝑖𝑝
0 is the peak height of the CoII/I couple 

that was determined by taking the difference between the cathodic peak current and 

baseline current before the CoII/I couple, 𝐸 is the potential, 𝑣 is the scan rate (V/s), 𝑘𝑜𝑏𝑠 is 

the pseudo-first order rate constant (=TOF), 𝐸𝑐𝑎𝑡
0  = 𝐸1/2 vs. Cp2Fe+/0, and 𝑓= F/RT = 38.94 

V–1. The slope of the linear fit obtained from FOWA can be used to calculate the pseudo-

first order rate constant. For example, the slope for CO2 reduction by CoTPPNMe3
+ in CO2-

saturated MeCN solution is 373.9 (Appendix B), and √𝑘𝑜𝑏𝑠 = 373.9  √𝑓𝜈/2.24 to yield 

𝑘𝑜𝑏𝑠  = 1.09  105 s–1. This value is higher than an iron porphyrin CO2 reduction 

electrocatalysts reported by our group (i.e., 4.5  103 s–1 for ClFeTPPOH).67 For 

comparison, the rate constants obtained for other cobalt porphyrins using the same 

method are shown in Table 3.1. 



 

53 

Table 3.2. Pseudo-first order rate constants and faradaic yield of CO for different cobalt porphyrins in 
MeCN. 

 kobs (s–1) FE (CO) % 

CoTPP 3.54  104 80 ±  10 

CoTPPNH2 9.92  103 56 ±  10 

CoTPPNMe2 7.72  102 70 ±  15 

CoTPPNMe3
+ 1.08  105 42 ±  10 

CoTPPOH 6.50  104 61 ±  18 

 

FOWA were also used to calculate pseudo-first order rate constants for CO2 

reduction by cobalt porphyrins with an additional proton source, though this was 

complicated in some cases based on the relatively poor current responses when Brønsted 

acids were added. From Table 3.2, except for CoTPPNMe2, the rate constants for CoTPP, 

CoTPPNH2, CoTPPNMe3
+ and CoTPPOH dramatically decrease with the addition of 

proton sources. FOWA supports the qualitative observation that only the performance of 

CoTPPNMe2 improves with added weak Brønsted acid, while CoTPP and all of the other 

modified porphyrins show no improvements and ultimately lose activity all together. This 

is distinct from iron porphyrins for homogeneous electrochemical CO2RR where the 

improvement of activation is generally obtained with different ancillary groups. In the cases 

of addition of 1 M H2O or 100 mM PhOH into 0.05 mM CoTPPNH2 in 0.1M nBu4NPF6 MeCN 

solution; 100 mM PhOH into 0.05 mM CoTPPNMe3
+ and CoTPPOH in 0.1M nBu4NPF6 

MeCN solution, there are no catalytic waves for these cases, so FOWA is not applicable. 

Table 3.3. Pseudo-first order rate constants for different cobalt porphyrins in MeCN + Brø nsted acids. 

 kobs (s–1) a kobs (s–1) b kobs (s–1) c 

CoTPP 3.54  104 9.16  102 1.44  102 

CoTPPNH2 9.92  103 -- -- 

CoTPPNMe2 7.72  102 1.30  103 1.19  103 

CoTPPNMe3
+ 1.08  105 7.93  102 -- 

CoTPPOH 6.50  104 6.21  103 -- 

a: 0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN; b: 0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN+1M H2O; c: 
0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN +100 mM PhOH 
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3.4. Discussion 

A series of cobalt porphyrin complexes of cobalt (II) 5-(2-R)-10,15,20-

triphenylporphyrins (Figure 3.2) were prepared and investigated for homogeneous carbon 

dioxide reduction activity. Of those complexes, CoTPPNMe3
+ can reduce CO2 at lower 

overpotential and shows a nearly 50-fold current enhancement with respect to the Ar 

control. The rate constant calculated from FOWA also confirms this result (Figure 3.3 and 

Table 3.1), showing remarkably fast CO2 reduction kinetics. For comparison, one of the 

best iron porphyrin catalysts (which contains four ortho-NMe3
+-anilino groups) has  

k ~ 106 s–1.142 Without question, CoTPPNMe3
+ was the most active for CO2 reduction 

among the cobalt porphyrins there were tested for homogeneous CO2RR. The data in  

Table 3.1 show that the cationic group enhances the rate constant, but the Faradaic yield 

for CO is lower than for the other cobalt porphyrins. In general, no correlation is observed 

between observed rate constants and Faradaic yield for CO. These results suggest other 

products are formed along with CO, which could require input of more protons and 

electrons. At this moment, other products have not been detected and more experiments 

need to be designed to define the product distributions.  

Tafel slopes were also studied for each of the cobalt porphyrins in MeCN without 

or with added acid (i.e., H2O or PhOH). Tafel analysis uses eq 1.6 and eq 1.7 and the 

Tafel slopes (Appendix B) were obtained. By comparing the theoretically calculated Tafel 

slopes and experimentally obtained Tafel slopes, evaluation of the rate determining step 

of a reaction and the number of electrons involved in that reaction is possible. For 

example, the Tafel slope of 118 mV dec–1 indicates the rate-determining step involves the 

binding of CO2 accompanied by an electron transfer to produce CO or HCOO– (the total 

electrons involved in the reaction is 2).199,200 The experimental Tafel slopes for different 

cobalt porphyrins in different conditions are shown in Table 3.3. Since multiple electron-

proton transfer reactions may occur for these reactions, the Tafel slope values provide 

information of electrons involved in the reactions by comparing these experimental values 

to theoretical value.201,202 However, getting the theoretical calculated Tafel slopes for multi-

step reactions is difficult. A larger the Tafel slope value suggests that more steps are 

involved in the reaction. We can also assume that the reaction steps are similar if the Tafel 

slope values are similar. From Table 3.3, the Tafel slope values increase in the presence 
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of weak acids. The exception to this trend is CoTPPNMe2, for which the Tafel slope values 

remain relatively constant with the addition of weak acids. 

Table 3.4. Tafel slopes for different cobalt porphyrins in MeCN and with additional proton sources. 

 Tafel slope 
(mV dec–1) a 

Tafel 
slope (mV 

dec–1) b 

Tafel slope 
(mV dec–1) c 

CoTPP 268 342 581 

CoTPPNH2 375 530 565 

CoTPPNMe2 302 327 318 

CoTPPNMe3+ 208 325 597 

CoTPPOH 177 296 980 

a: 0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN; b: 0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN+1M H2O; c: 
0.05 mM cobalt porphyrin in 0.1M nBu4NPF6 MeCN +100 mM PhOH 

Based on the above results, a mechanism for homogeneous cobalt porphyrin-

catalyzed carbon dioxide reduction is proposed (Figure 3.6). In relation to these two 

cycles, the key intermediate is anionic complex C, which is stabilized by a cationic group 

or a proton relay group to produce CO or other products. The NMe3
+ electrostatic group, 

can help to manage input of protons and electrons to produce other products resulting 

from the increased stability of this intermediate. 

When an additional proton source is added, the excess protons favor formation of 

H-Co(III) (complex D, Figure 3.6), which affects the CO2-binding step of these cobalt 

porphyrins that follows the blue cycle. For CoTPPNMe2, the protonation state of the 

dimethylanilino group will depend on pH. Using the pKa values of N,N-dimethylaniline (pKa 

= 5.2) as model,160 I hypothesize that additional proton sources can protonate 

CoTPPNMe2 to form a complex with a cationic group. Thus, CoTPPNMe2 does not follow 

the blue cycle involving H-Co(III).  
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Figure 3.6. The catalytic cycle for CO2 reduction by cobalt porphyrins. The black 
cycle and blue cycle are without and with additional Brønsted acid, respectively, in 
MeCN solutions. 

 

3.5. Conclusion 

Metalloporphyrins can be used as molecular electrocatalysts for both oxygen 

reduction reaction (ORR) and carbon dioxide reduction reaction (CO2RR). Both iron 

porphyrins and cobalt porphyrins are widely studied for these two reactions. The design 

of catalysts for ORR and CO2RR has many common features. Based on literature 

regarding both proton relay group-modified or electrostatic group-modified iron porphyrins, 

these different functional groups can improve CO2 to CO electrocatalysis. From Chapter 

2, we know the second-sphere interactions must be carefully designed for a specific metal 

center for ORR. In this Chapter, a similar systematic study of related series of compounds 

shows that cobalt porphyrins with ancillary cationic groups perform at lower overpotential 

and higher current density enhancement for homogeneous CO2RR. 

Adding a Brønsted acid as an additional proton source for homogeneous CO2RR 

using iron porphyrin catalysts can improve their selectivity and performance for  
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CO2RR.65 ,68,142, 190,191 In contrast, the addition of proton source does not improve CO2 

reduction using homogeneous cobalt-porphyrin catalysts, sometimes destroying catalyst 

activity altogether. I hypothesize that this results from changing the mechanism for CO2 

reduction.  

CO is the main product for homogeneous CO2RR using iron porphyrin catalysts, 

no matter with proton relay ancillary group or electrostatics modified group. This is another 

distinction from cobalt porphyrins; proton relay group-modified cobalt porphyrins seem to 

favor production of CO, while electrostatic group promote addition of protons and electrons 

to yield other products which we are in the process of evaluating. In sum, this Chapter, 

described homogeneous CO2RR cobalt porphyrin catalysts. I have shown that cobalt is 

fundamentally different from the corresponding iron porphyrin catalysts, which again 

suggests that carefully designed catalysts are needed for different metal centers and 

different reactions. 

3.6. Experimental details 

3.6.1. Materials and methods  

All reagents were purchased from Sigma-Aldrich unless otherwise noted and used 

without further purification. Solvents were from J.T. Baker. Gases were obtained from 

Praxair Canada. Basal plane graphite (BPG) electrodes were prepared according to the 

literature.170 Mass spectra were collected by using a Bruker microFlex MALDI-TOF or 

Agilent 6210 electrospray ionization mass spectrometer. UV-visible spectra were recorded 

in MeCN solvent using a Cary100Bio UV-Visible spectrophotometer. Gas chromatography 

analysis was carried out by using Agilent Technologies 6890N Network GC system 

equipped with a thermal conductivity detector (TCD). Gases have been detected using a 

ShinCarbon ST 100/120 mesh column 2 m in length and 1/16 inch in diameter. 

Temperature for the detector was set at 250°C and 40°C for the oven. Helium was used 

as the carrier gas with a flow of 40 mL/min. The sample was injected using an air-tight 

syringe (10 𝜇L) from the head space of the reactor. The retention time for CO was 

approximately 2.26 min. The calibration used a standard gas mixture sample of  CO2, CO, 

and N2 at known concentrations. 
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3.6.2. Syntheses  

The ligand, 5-hydroxophenyl-10,15,20-triphenylporphyrin (TPOH),203 was 

prepared using a modified literature procedure.204 It was metalated in refluxing DMF 

according to the literature and the reaction progress was monitored using UV-vis 

spectroscopy (see Appendix B).130 CoTPPOH was obtained as precipitates upon addition 

of water. The solids were filtered, purified and recrystallized from CH2Cl2/pentane. The 

complexes were characterized by MALDI-TOF, and ESI-MS mass spectrometry 

(Appendix B). CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3
+ were synthesized 

using the methods in Chapter 2. 

3.6.3. Electrochemical methods 

Working electrode surfaces were prepared by lightly abrading with 4000 SiC paper, 

washing thoroughly with deionized water, followed by sonication (120 s) in isopropyl 

alcohol, and briefly drying with a heat gun. Complexes were dissolved to 0.05 mM 

concentrations with 0.1 M nBu4NPF6 and cyclic voltammograms (CVs) were collected at 

100 mV s–1 scan rate unless otherwise noted. Ferrocene was used as an external standard 

for all electrochemical experiments and all potentials are reported with respect to the 

ferrocenium-ferrocene couple (Cp2Fe+/0).205 Conversion to the normal hydrogen electron 

(NHE) in MeCN requires addition of 0.63 V to all potentials reported here.205 For 

experiments under Ar, solutions were bubbled for 8-10 minutes before data collection. 

Similar procedures were used for reactions under CO2. 

A Pine Instrument WaveDriver 20 bipotentiostat was used for electrochemical 

measurements. Cyclic voltammetry (CV) and controlled potential electrolysis (CPE) 

measurements used a conventional three-electrode cell, with a basal plane graphite 

(BPG) working electrode (3 mm by 3 mm surface area), BPG counter electrode, and a 

non-aqueous Ag/0.01M AgNO3 in MeCN reference electrode.  

A new electrolysis cell was designed to carry out CO2 reduction reaction to provide 

a sealed system, while providing ease of sample collection (Figure 3.7). The counter 

electrode was positioned inside a fritted glass tube to avoid the influence of the production 

of oxygen in the gas collection (especially for heterogeneous system with water splitting). 
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Figure 3.7. Reactor for CO2 reduction reaction. 
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Chapter 4.  
 
Heterogeneous CO2 activation by a cobalt porphyrin 
with an electrostatic directing group 

4.1. Graphical abstract 

 

4.2. Introduction 

In Chapter 3, molecular cobalt porphyrins with different ancillary groups were 

studied for homogeneous CO2 activation. However, for practical applications, 

heterogeneous catalysts are usually preferred.206 Cobalt porphyrins can be used as 

electrocatalysts for heterogeneous CO2 reduction reaction (CO2RR) and it is known that 

the loading amount, the functional groups in the porphyrin periphery, and the ancillary 

groups near the active site greatly influence the catalytic activity. 96,207 In this regard, one 

important design feature that has received great attention is proton relay groups around 

the metal active site.96 Drop cast films of cobalt(II) 5-(2-hydroxyphenyl)-10,15,20-triphenyl 

porphyrin (CoTPPOH) show good aqueous electrocatalytic CO2-to-CO conversion, where 

the proton relay group plays a significant role in lowering the overpotential and modulating 

the CO release limiting step. This compound is also studied in Chapter 3 for homogeneous 

CO2RR. In related work from the Warren lab, CoTPPOH was also used as heterogeneous 
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ORR electrocatalysts and the proton relay group was a factor in improving the selectivity 

of H2O production.208 It seems that CO2RR chemistry has parallels to several of the 

advances in metalloporphyrin-ORR chemistry, both under homogeneous and 

heterogeneous conditions.  

There is other work that supports the idea that a cationic directing group could 

stabilize anionic intermediates generated during electrocatalysis of both the ORR and the 

CO2RR.208,209 Manthiram and co-workers found that for cationic functionalities could lead 

to an increase in CO2 reduction activity using an immobilized complex, which was caused 

by electrostatic stabilization of the transition state. The transition state was formed during 

rate determining electron transfer to carbon dioxide. A similar conclusion is supported in 

the work described in Chapter 2 wherein I showed that second-sphere ionic interactions 

must be carefully designed for a specific metal center or chemical reaction. In this chapter, 

this idea is extended to heterogeneous CO2RR electrocatalysts. Specifically, I probe how 

a proton relay group is distinct from a charged group as cobalt porphyrin CO2 reduction 

catalysts. The same series of complexes used for ORR and shown in Figure 2.1, are used 

in this Chapter.  

4.3. Results 

4.3.1. Cyclic voltammetry for cobalt porphyrins 

The syntheses of cobalt porphyrins in Chapter 4 are the same as the synthetic 

procedure in Chapter 2. Drop-cast method was also used to prepare the electrodes as 

described in Chapter 2. The electrochemical behavior of all cobalt porphyrin complexes 

was investigated in Ar-sparged and CO2-saturated aqueous electrolyte. Cyclic 

voltammograms (CVs) for each complex under Ar and under CO2-saturated 0.1 M KCl 

aqueous solution (or, alternatively 0.05 M K2CO3 aqueous solution) are set out in Figure 

4.1 and in Appendix C. The pH values for CO2-saturated 0.1 M KCl aqueous solution and 

CO2-saturated 0.05 M K2CO3 aqueous solution before electrolysis are 4.0 and 7.2, 

respectively. The onset potentials E1/2 values for the CoII/I couple for each of the cobalt 

porphyrins in 0.1 M KCl aqueous solution or 0.05 M K2CO3 aqueous solution are shown 

in Table 4.1. Comparisons of onset potentials, E1/2 values and catalytic waves for different 

cobalt porphyrins in 0.1 M KCl aqueous solution or 0.05 M K2CO3 aqueous solution 
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suggest that CoTPPNMe3
+ reduces CO2 at lower overpotential than other cobalt 

porphyrins in both 0.1 M KCl aqueous solution or 0.05 M K2CO3 aqueous solution. The 

catalytic wave for CoTPPNMe2 is slightly weaker than the other cobalt porphyrins and the 

catalytic waves for all cobalt porphyrins are slightly weaker in 0.05 M K2CO3 aqueous 

solutions than 0.1 M KCl aqueous solutions. 

 

Figure 4.1. Cyclic voltammograms of CoTPPNMe3
+ left: in 0.1 M KCl aqueous 

solution and right: in 0.05 M K2CO3 aqueous solution. Blue traces are in Ar-sparged 
solution and red are in CO2-sparged solution. All scan rates are 100 mV s −1. 

Table 4.5. Summary of the Onset potentials and E1/2 in CO2RR catalysis for different cobalt porphyrins 
in different electrolytes. 

Catalyst Onset 
potential (V) a 

Onset 
potential (V) b 

E1/2 (V) a E1/2 (V) b 

CoTPPH –0.71 –0.86 –1.02 –1.09 

CoTPPNH2 –0.72 –0.84 –0.97 –1.08 

CoTPPNMe2 –0.68 –0.86 –0.97 –1.07 

CoTPPNMe3
+ –0.66 –0.82 –0.86 –1.02 

a: in 0.1 M KCl aqueous solution vs. NHE b: in 0.05 M K2CO3 aqueous solution vs. NHE.  

In Ar-sparged 0.1 M KCl aqueous solution, the peak currents obtained at different 

scan rates are linearly dependent with the scan rate (Figure 4.2 and Appendix C), as 

expected for immobilized molecules.210 Additionally, increases in the scan rate had a 

smaller effect on the cathodic wave than on the anodic wave for CoTPPH and 

CoTPPNMe3
+. Increases in the scan rate had a similar effect on the cathodic wave and 

the anodic wave for CoTPPNH2 and CoTPPNMe2. The peaks at different scan rates for 

the four cobalt porphyrins in CO2-sparged 0.1 M KCl aqueous solution are collected 

(Appendix C). The overall shapes of the Co(II/I) waves are similar to those collected under 
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Ar, but with higher current densities. The shape the voltammograms do not change in the 

presence of CO2 at higher scan rates.  

 

Figure 4.2. Linear fit of the anionic peak current (ipa) (blue) or cathodic peak current 
(𝒊𝒑𝒄) (red) vs. scan rate for BPG surface coated with CoTPPNMe3

+ in Ar-saturated 

0.1 M KCl solution (pH 6.5). 

4.3.2. Rotating disk electrode (RDE) and Koutecky-Levich (K-L plots)  

Rotating disk electrode (RDE) experiments were carried out and the results 

analyzed using the Koutecky-Levich (K-L) equation (eq 1.3, Figure 4.3 and Appendix C) 

as an independent measure of the number of electrons involved in CO2 reduction. In eq 

1.3, I is the observed current, n is the number of electrons passed, F is the Faraday 

constant, A is the electrode surface area, D is the diffusion coefficient of CO2 (1.7  105 

cm2 s-1),  is the kinematic viscosity of water (at 22°C = 0.01 cm2 s-1), C is the concentration 

of CO2  in water (3.4  10–7 mol∙cm3),211 and  is the electrode rotation rate in radians per 

second. K-L plots (e.g., Figure 4.3) are linear and the values calculated for n from the 

slopes of the linear fits are set out in Table 4.2. Additional K-L plots are shown in the 

Appendix C. The applied potential (vs. NHE) used in the K-L analyses were –0.85 V, –0.9 

V, –0.95 V, –1.0 V and –1.1 V. From Table 4.2, increases to the applied potential causes 

a marked increase in the values of n for CoTPPH. At less negative applied potentials, n is 

very close to 2, while it approaches 5 at larger overpotentials. In contrast, for the other 

three cobalt porphyrins, n much less sensitive to the magnitude of the applied potential, 

where n for CoTPPNH2 is close to 2 and for CoTPPNMe2 and CoTPPNMe3
+, n is near 4.  
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Figure 4.3. Linear sweep voltammograms from rotating disk electrochemistry 
experiments for CoTPPNMe3

+ in CO2-saturated 0.1 M KCl aqueous solution (left). 
Koutecky-Levich (K-L plots) derived from the data on the left. (right).  

 

Table 4.6. Summary of the number of electrons (n) in CO2RR catalysis for different cobalt porphyrins 
at different applied potentials. 

Catalyst n a n b n c n d n e 

CoTPPH 2.51 3.31 3.95 4.35 4.90 

CoTPPNH2 1.50 1.64 1.71 1.68 1.74 

CoTPPNMe2 3.46 3.52 3.34 3.27 3.35 

CoTPPNMe3
+ 3.97 3.65 3.55 3.58 3.69 

a: applied potential -0.80 V vs. NHE b: applied potential -0.90 V vs. NHE; c: applied potential -0.95 V vs. NHE; d: applied 
potential -1.00 V vs. NHE; e: applied potential -1.10 V vs. NHE.  

 

The kinetics of CO2 reduction by the four cobalt porphyrins immobilized on EPG 

electrodes are also extrapolated from K-L plots. The electroactive cobalt porphyrin 

concentration on EPG electrodes is calculated from the total charge for the CoII/I reduction 

under Ar, i.e., QCV = 2.985, 1.542, 0.871 and 1.831 µC for CoTPPH, CoTPPNH2, 

CoTPPNMe2 and CoTPPNMe3
+, respectively, using the relation Гcat= QCV/nFA (n is the 

number of electrons, F is Faraday constant, 96,485 C mol–1, and A is electrode surface 

area, 0.09 cm2). The above charges yield values of Гcat of 3.44  10–10 mol∙cm-2, 1.76  10–

10 mol∙cm-2, 1.00  10–10 mol∙cm-2 and 2.11  10–10 mol∙cm-2, respectively, for CoTPPH, 

CoTPPNH2, CoTPPNMe2 and CoTPPNMe3
+. As described in Chapter 2, the differences 
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of Qcv for the different cobalt porphyrins can arise from the drop-cast method. The 

intercepts from K-L plots are used to calculate the catalytic rate constants. The second-

order catalytic rate constant for CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3
+ 

immobilized on EPG (applied potential is -0.90 V vs. NHE) are 90.4  

M–1 s–1, 207.7 M–1 s–1, 257.4 M–1 s–1 and 174.2 M–1 s–1. Foot of wave analysis (FOWA) are 

studied using eq. 1.5 for these cobalt porphyrins (Appendix C). The slopes give the values 

of the rate constants (Table 4.3). Compared with the values of the rate constants from  

K-L plots (Table 4.3), the values obtained from FOWA is about 3 to 5 times larger than the 

values from K-L plots. This may be because for the conversion of rate constants from 

second order to first order, rate constants need to be divided by the concentration of CO2, 

the value used is 34 mM,211 and this concentration may be slightly different from the 

experimental concentration of this system. In addition to this influencing factor, it is not 

surprising that the rate constant values obtained by FOWA are larger than K-L plots since 

side phenomena is not accounted for when using FOWA.212 Compared with literature 

known rate constant for CoTPPOH (4.01 s–1) for heterogeneous CO2 reduction,96 the rate 

constants for cobalt porphyrins in this chapter are similar to CoTPPOH. 

Table 4.7. Summary of rate constants for different cobalt porphyrins got from FOWA and K-L plots. 

Catalyst k (s–1) a k (s–1)  b 

CoTPPH 9.0 3.1 

CoTPPNH2 29.7 7.1 

CoTPPNMe2 44.7 8.8 

CoTPPNMe3
+ 33.7 5.9 

a: Rate constants from FOWA b: Rate constants from K-L plots; 

 

4.3.3. Identification of reduced products  

The stability of each of the  cobalt porphyrins on BPG electrodes in CO2 saturated 

0.1 M KCl solution was assessed using controlled potential electrolysis (CPE) experiments 

with an applied potential of –0.90 V. Gas chromatography (GC) was used to identify and 

quantify the gaseous products. CO production was confirmed by GC against authentic 

sample. GC analyses carried out by using the sample from the reaction head space of the 

reactor after 1 h of CPE and the calculated Faradaic efficiency for CO is shown in Table 

4.4. The errors for the calculated Faradaic efficiency for CO are from parallel experiments. 
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Table 4.8. Summary of Faradic yield for different cobalt porphyrins at applied potentials –0.90 V vs. 
NHE. 

Catalyst FE (CO) % 

CoTPPH 50 ±  10 

CoTPPNH2 53 ±  10 

CoTPPNMe2 36 ±  13 

CoTPPNMe3
+ 36 ±  14 

 

Water-suppressed 1H NMR213 spectra of the post-electrolysis solutions were 

studied for the electrolytes after CPE using the different cobalt porphyrin electrocatalysts. 

In some cases, maleic acid (20 µM) is added as an internal standard (Figure 4.4 and 

Appendix C). For CoTPPH and CoTPPNH2, the water-suppressed 1H NMR spectra are 

same as the blank 1H NMR spectra, which indicates that no soluble products are formed 

(e.g., formate or methanol). For CoTPPNMe2 and CoTPPNMe3
+ many new compounds 

are detected by 1H NMR165 spectra. New resonances are observed at chemical shifts 

between 0 and 4 and between 7 and 8. Formate is detected at 8.2 ppm. From IR result 

(Appendix C), the broad peak for carboxylic acid O – H stretch at 2500 cm-1 is detected 

after CPE experiment for CoTPPNMe3
+. Water-suppressed 1H NMR spectrum from a 

longer CPE experiment (24h) for CoTPPNMe3
+ show the same result.  

One hypothesis for the origin of these peaks is that they are from mixtures of 

diamagnetic Co(III) porphyrins and CO2 reduction products. As a control, CoTPPNMe3
+ 

was immobilized on a BPG electrode using an identical method of preparation and was 

soaked in CO2-saturated 0.1 M KCl aqueous solution. Proton NMR spectra were collected, 

and no resonances were observed. Thus, I conclude that the catalysts are stably absorbed 

to electrode surfaces in the absence of an applied potential since no absorbance of cobalt 

porphyrins peaks are observed from electrolyte UV-vis spectra after CPE.  
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Figure 4.4. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution after 
electrolysis at –0.9 V vs. NHE using BPG electrode coated with CoTPPNMe2 (top) 
and CoTPPNMe3

+ (bottom). 20 µM of maleic acid was added as an internal standard. 

 

The cobalt porphyrin-immobilized BPG electrodes were studied by extracting the 

porphyrins from the surface and analyzing using UV-vis spectroscopy after CPE 

experiments. The surface of the electrode was rinsed with CH2Cl2 to remove the catalysts 

from the surface. The optical spectra of these solutions are shown in Figure 4.5 and in 

Appendix C. As a comparison the UV-vis spectra for cobalt porphyrins before loading on 

the surface are also shown in Figure 4.5. The optical spectra suggest that Co(III) is formed 

after CPE experiments. For CoTPPH and CoTPPNH2 after electrolysis proportionally less 
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Co(III) is formed in comparison to CoTPPNMe2 and CoTPPNMe3
+, which qualitatively 

matches the results from 1H NMR. When using 0.05 M K2CO3 aqueous solution as 

electrolyte, Co(III) is also detected for different cobalt porphyrins and higher concentration 

of Co(III) is observed after electrolysis using CoTPPNMe2 and CoTPPNMe3
+ (Appendix 

C). 

   

Figure 4.5. UV-vis spectra recorded for cobalt porphyrins in CH2Cl2 solution before 
loading on the BPG surface (left) and after (right) the controlled potential 
electrolysis at –0.90 V vs. NHE in CO2-saturated 0.1 M KCl aqueous solution. The 
catalyst was washed in CH2Cl2 solution from the BPG electrode after the 
electrolysis.  

GC-MS experiments were carried out to detect the other products suggested by 

water-suppressed 1H NMR spectra for CoTPPNMe2 and CoTPPNMe3
+. The electrolyte 

after CPE for CoTPPNMe3
+ was extracted using hexane and the water-suppressed 1H 

NMR spectra were re-collected for the aqueous phase and organic phase respectively 

(Appendix C). From 1H NMR spectra, the peaks for Co(III) porphyrins remains in the 

electrolyte and there was some product apparently extracted into hexane. Unfortunately, 

any extracted products could not be detected by 1H NMR and analyses using GC-MS were 

equally unsuccessful. Other extractions using heptane and octane were similarly 

unsuccessful. 

4.4. Discussion 

A series of cobalt porphyrin complexes of cobalt(II) 5-(2-R)-10,15,20-

triphenylporphyrins (Figure 2.1) were prepared and different ancillary groups with proton 

relays or electrostatics were investigated for heterogeneous carbon dioxide reduction. Of 

these complexes, CoTPPNMe3
+ can reduce CO2 at slightly lower potential, but the 



 

69 

intensity of the catalytic wave is similar to the other cobalt porphyrins. Figure 4.1 shows 

that in different electrolytes (0.1 M KCl or 0.05 M K2CO3 aqueous solution), there was very 

little difference in electrochemical behavior. However, the rate constants have some 

obvious distinctions, which will be discussed in more details in Section 4.4.2.  

4.4.1. Analysis of Turnover Frequency (TOF) and Tafel slope  

Turnover frequency (TOF)165,166 values were determined using kcat values given 

above and the concentration of CO2 under 1 atm pressure of pure CO2. A summary of 

different logTOF for different cobalt porphyrins in CO2-statuarted 0.1 M KCl aqueous 

solution as a function of applied potential are shown in Figure 4.6. The logTOF values 

come from the intercepts from K-L plots (see Appendix C). It is noteworthy that the trends 

of logTOF versus applied potential are similar for CoTPPNH2, CoTPPNMe2 and 

CoTPPNMe3
+. CoTPPH is different from the other three catalysts. In addition, the number 

of electrons involved in CO2RR catalysis changes with the increasing of applied potential.  

 

Figure 4.6. Turnover-potential relations for cobalt porphyrins in CO2-saturated 0.1 
M KCl solution. TOF values were determined from K-L plots constructed using RDE 
data.  

 

Tafel slopes for the four cobalt porphyrins in both 0.1 M KCl and 0.05 M K2CO3 

aqueous solutions are calculated using eq 1.6 and 1.7 (Appendix C). Compared with those 

values, the slopes for CoTPPH (274 mV dec–1 and 270 mV dec–1) and CoTPPNMe3
+ (220 

mV dec–1 and 230 mV dec–1) are similar in 0.1 M KCl and 0.05 M K2CO3 aqueous solutions, 
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however, the slopes for CoTPPNH2 (260 mV dec–1 and 280 mV dec–1) and CoTPPNMe2 

(280 mV dec–1 and 310 mV dec–1) have somewhat larger difference in 0.1 M KCl and 0.05 

M K2CO3 aqueous solutions, respectively. These values are consistent with literature 

values214,215 and the results suggest that the rate-determining step of CO2 reduction using 

cobalt porphyrins may be limited by mass transport and surface coverage or involves 

multiple electron-proton transfer reactions.199,202,216 

4.4.2. Proposed mechanism for CO2 reduction: the case of 

CoTPPNMe2 and CoTPPNMe3
+ 

From the kinetic rate constants and Figure 4.6, CoTPPH is less active for CO2RR 

compared with the other three cobalt porphyrins. Likewise, its mechanism appears to 

change with applied potential, perhaps switching to proton reduction at more reducing 

potentials. CoTPPNH2 contains a proton relay group and better favors production of CO 

compared with CoTPPNMe2 and CoTPPNMe3
+. The results for CoTPPNMe2 and 

CoTPPNMe3
+ showed that, in addition to CO, these two catalysts can promote the 

formation of other products for CO2RR as well, as suggested by the K-L plots. From 1H 

NMR results, a Co(III) cobalt porphyrin is formed during the reaction. (Figure 4.7) 

 

Figure 4.7. The catalytic cycle for CO2 reduction by cobalt porphyrins in 
heterogeneous conditions.  

The similarity in reactivity of CoTPPNH2 and CoTPPNMe3
+ is next considered. The 

pH of the CO2-saturated 0.1 M KCl aqueous solution is about 4. Based on the pKa of 

dimethylaniline (~5.2), I predict that CoTPPNMe2 is at least partially protonated. Thus, one 
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common feature for the conjugate acid of CoTPPNMe2 (CoTPPNMe2H+) and 

CoTPPNMe3
+ is the cationic charge. From the structures of these two complexes (Figure 

4.8), both include the positive charge, which can function as electrostatic directing group 

to stabilize the anionic intermediates. Because CoTPPNMe2H+ has one less methyl group 

than CoTPPNMe3
+, it also can act as a proton relay group or have less steric hindrance 

impact. This is a potential explanation for why, in some cases, CoTPPNMe2 shows higher 

turnover frequency than CoTPPNMe3
+. 

 

Figure 4.8. Structures for CoTPPNMe2H+ (left) and CoTPPNMe3
+ (right). 

RDE experiments were carried out for CoTPPNMe2 and CoTPPNMe3
+ in CO2-

saturated 0.05 M K2CO3 aqueous solution (Appendix C). Since the pH of this electrolyte 

is slightly above 7, CoTPPNMe2 is not protonated in this pH value. The K-L plots are shown 

in Figure 4.9. The second-order catalytic rate constant for CoTPPNMe2 and CoTPPNMe3
+ 

immobilized on EPG (applied potential is –1.10 V vs. NHE) are 42.7  

M–1 s–1 and 63.3 M–1 s–1, respectively. These values are lower than the values in CO2-

saturated 0.1 M KCl aqueous solution, where the rate constants are 257.4 M–1 s–1 and 

147.2 M–1 s–1 for CoTPPNMe2 and CoTPPNMe3
+, respectively. In addition, the rate 

constant for CoTPPNMe3
+ in CO2-saturated 0.05 M K2CO3 aqueous solution is larger than 

for CoTPPNMe2, which may be a result of the CoTPPNMe2 protonation state in CO2-

saturated 0.05 M K2CO3 aqueous solution versus pH 4 KCl.  

FOWA were studied as well for CoTPPNMe2 and CoTPPNMe3
+ in CO2-saturated 

0.05 M K2CO3 aqueous solution, the rate constants for CoTPPNMe2 and CoTPPNMe3
+ 

are 28 s-1 and 31.5 s-1, respectively. Compared the values from FOWA for CoTPPNMe2 

and CoTPPNMe3
+ in CO2-saturated 0.1 M KCl aqueous solution, 44.7 s-1 and 33.7 s-1, the 

rate constant shows slightly slower for CoTPPNMe3
+ when increasing the pH of electrolyte, 
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however, the rate constant shows much slower for CoTPPNMe2 with the increasing of pH 

of the electrolyte, which confirms the results from K-L plots. 

 

Figure 4.9. Koutecky-Levich (K-L plots) derived from the RDE data in CO2-saturated 
0.05 M K2CO3 aqueous solution. 

4.5. Conclusions 

The results presented here demonstrate that CO2-reducing, cobalt porphyrin 

electrocatalysts with proton relay groups are distinct from the related catalysts with 

electrostatic directing groups. Among the four cobalt porphyrins studied, a cationic 

trimethylanilinium group at a meso-position of tetraarylporphyrin is quite different from the 

proton relay group cobalt porphyrin, CoTPPNH2, in the composition of the products formed 

during CO2RR, as ascertained from the electron numbers involved in the CO2RR catalysis 

from RDE experiments. The electron number is near two for CO2RR catalysis using 

CoTPPNH2 and CO is the primary product. In contrast, electrostatic ancillary groups could 

be able manage more protons and electrons that ultimately lead to the production of other 

products. 

CoTPPNMe3
+ can reduce CO2 at the lowest potential among all these four cobalt 

porphyrins. Protonated CoTPPNMe2 shows higher observed rates constants than for 

CoTPPNMe3
+ in CO2-saturated 0.1 M KCl aqueous solution (pH = 4) and the opposite is 

observed in CO2-saturated 0.05 M K2CO3 aqueous solution (pH = 7). Since CoTPPNMe2 

is protonated in CO2-saturated 0.1 M KCl aqueous solution, it can also be considered as 
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electrostatic group for the CO2RR, but it also has proton relay properties. Further, at lower 

pH (~ 4), the formation of soluble, diatomic Co(III) porphyrins is indicated for  CoTPPNMe2 

and CoTPPNMe3
+ when used as electrocatalysts. This is important to distinguish the 

CO2RR from oxygen reduction reaction (ORR). For the ORR, all the redox processes 

occur at oxygen while in CO2 reduction, they occur at both Co and CO2.  

The work in Chapter 4 shows that cobalt porphyrins are unlike iron porphyrins for 

heterogeneous CO2RR, regardless of the presence of proton relays and electrostatic 

directing groups. Co porphyrins are less selective for CO, based on different numbers of 

electrons and protons in the reduction processes. In addition, there are distinctions with 

respect to the ORR chemistry described in Chapter 2, which I mainly attribute to changing 

the oxidation state of cobalt during CO2 reduction. This work suggests us the second-

sphere interactions must be carefully designed for a specific metals center for different 

reduction reactions. A further study of combining the electronic effect and electrostatic 

effect should be inspired by the work in Chapter 4. 

4.6. Experimental details 

4.6.1. Materials and methods  

All reagents were purchased from Sigma-Aldrich unless otherwise noted and used 

without further purification. Solvents were from J.T. Baker. Gases were obtained from 

Praxair Canada. Basal plane graphite (BPG) electrodes were prepared according to the 

literature.170 UV-visible spectra were recorded in CH2Cl2 solvent using a Cary100Bio UV-

Visible spectrophotometer. Nuclear magnetic resonance (NMR) was carried out using the 

Bruker UltrashieldTM 500 plus. Gas chromatography analysis was carried out by using 

Agilent Technologies 6890N Network GC system equipped with a thermal conductivity 

detector (TCD). Gases have been detected using a ShinCarbon ST 100/120 mesh column 

2 m in length and 1/16 inch in diameter. The methods and sets are same as Chapter 3. 

4.6.2. Syntheses  

CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3+
 were synthesized using the 

methods in Chapter 2. 



 

74 

4.6.3. Electrochemical methods 

Working electrode surfaces [basal plane (3 mm × 3 mm)] were prepared by lightly 

abrading with 4000 SiC paper, washing thoroughly with deionized water, followed by 5 

minutes sonication in isopropyl alcohol, and drying briefly, using a heat gun. A study of 

how to get better catalytic wave have been studied (Appendix C). From the study, we find 

the loading mount of 5 µL of fresh prepared 0.05 mM catalyst solution showed good 

catalytic wave. Therefore, after drying, 5 µL of catalysts (0.05 mM in CH2Cl2) were 

deposited on the electrode surface and air dried. For experiments under Ar, solutions were 

bubbled for 8-10 minutes before data collection. Similar procedures were used for 

reactions under CO2. 

A Pine Instrument WaveDriver 20 bipotentiostat was used for electrochemical 

measurements. Cyclic voltammetry (CV) and controlled potential electrolysis (CPE) 

measurements used a conventional three-electrode cell, with a basel plane graphite 

(BPG) working electrode (3 mm by 3 mm surface area), BPG counter electrode, and a 

Ag/AgCl (saturated KCl) reference electrode. Rotating disk electrochemistry (RDE) 

measurements used the Pine Modulated Speed Rotator. Potassium ferricyanide was used 

as an external standard for heterogeneous experiments and all potentials are reported 

with respect to the normal hydrogen electrode (NHE). Electrochemical experiments were 

carried out in 0.1 M KCl aqueous and 0.05 M K2CO3 aqueous solutions. 

The reactor is used the same reactor in Chapter 3 (Figure 3.7). The cover of the 

counter electrode is used to avoid the influence of the production of oxygen. 
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Chapter 5.  

 

Light-initiated oxidation of C-H bonds by vanadium(V) 

oxo complexesc 

5.1. Graphical abstract 

 

5.2. Introduction 

Activation of carbon-hydrogen (C-H) bonds has been of interest to inorganic and 

organic chemists for a long time5–7 and metal oxo compounds have received a great deal 

of research attention.99,100 C-H activation reactions are part of the large family of proton-

coupled electron transfer (PCET) reactions, which involve the transfer of protons (H+) and 

electrons (e–). The oxidation of hydrocarbons often occurs via a concerted abstraction of 

a hydrogen atom (H• = H+ + e–), wherein there are no discernible intermediates 

corresponding to single proton transfer or electron transfer reactions. Herein, we 

 

c Adapted from: (1) Zhang, R.; Zhou, W and Warren J. J. Chem. Commun. 2021, 57, 4007-
4010.  
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investigate photochemical H• transfer reactions between vanadium oxo complexes and 

hydrocarbons.  

Metal-oxo compounds are long-investigated for C-H activation reactions of organic 

molecules, where they can serve as H• acceptors or as single electron oxidants.99–101 Most 

metal oxo complexes have a high valency (e.g., Mn(IV), Ru(IV), Cr(VI)), which typically 

makes them good oxidants. However, upon reduction, these metal-oxo complexes can 

become Brønsted base, thereby conferring the ability to abstract H• from substrates.101 In 

many examples, including those listed above, activation of strong bonds is possible. 

Vanadium oxo complexes are, in some ways, unique in that they carry out a great many 

transformations of C-C and C-H bonds,102,103 including H• transfer.217,218 Contrasting the 

reactivity of other terminal metal oxos are vanadium(V) dioxo compounds that undergo 

slow H• transfer reactions despite having good H• affinities.217,218 The sluggish reactivity 

of those complexes was attributed to a large reorganization energy associated with 

weakening of the two V=O double bonds at the transition state in comparison to other 

metal-oxo model compounds.217 This led to our hypothesis that electronically excited 

states of those vanadium complexes would be capable of faster H• transfer reactions. 

There are a few examples of photochemical C-H activation using molecular 

vanadium-oxo-peroxo complexes.219,220 For these complexes, it was proposed that C-H 

activation proceeds through a transient [O=V-OO•] that is produced from irradiation of the 

V-peroxo ligand-to-metal charge transfer (LMCT) transition.219,220 A terminal V(V)-oxo 

compound can photochemically cleave C-C bonds in lignin models, but direct reactivity 

with C-H bonds was not reported.221 Photochemical techniques have been used to probe 

vanadyl-modified materials, showing that surface reactions can be characterized by a V=O 

LMCT state,222,223 but most of those materials are not involved in thermal C-H 

oxidations.224 Based on the few reports of C-H bond activation activity for photochemical 

reactions of some vanadium-oxo complexes, we carried out experiments to probe the 

photochemical C-H activation chemistry of cis-dioxo vanadium(V) diimine complexes that 

display otherwise sluggish thermal reactivity with C-H bonds. 

The cis-dioxovanadium(V) bis(4,4 -́R-2,2 -́bipyridyl) and oxo(peroxo)vanadium(V) 

bis(4,4 -́R-2,2 -́bipyridyl) complexes (Figure 5.1) were prepared according to the 

literature.217,218 A series of complexes where R was H, CH3, or tBu were prepared and 

tested for light-induced reactions with 9,10-dihydroanthracene (DHA) as a test substrate. 
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Complexes of 4,4 -́tBu-2,2 -́bipyridyl showed by far the best photochemical reactivity and 

were reproducible; the other complexes are not discussed further in this thesis. The 

bis(4,4 -́tBu-2,2 -́bipyridyl) dioxovanadium(V) and bis(4,4 -́tBu-2,2 -́bipyridyl) 

oxo(peroxo)vanadium(V) are abbreviated V(O)(O) and V(O)(O2), respectively. 

 

Figure 5.1. The chemical structures of V(O)(O) and V(O)(O2). 

5.3. Results and Discussion 

5.3.1. Light-initiated oxidation of 9,10-dihydroanthracene 

V(O)(O) thermally abstracts H• from DHA over the course of 5 days with ~ 20% 

consumption of the starting complex. Therefore, we started with DHA as a test substrate 

to explore how V(O)(O) and V(O)(O2) would behave when irradiated with visible and near 

UV light. Analysis using 1H NMR showed complete consumption of DHA starting material. 

A precipitate also formed during irradiation, which we characterized as photo-dimerized 

dianthracene,225, 226 as well as anthracene. Other oxidation products were 9,9 ,́10,10 -́

tetrahydro-9,9 -́bianthracene,227 bianthronyl,228 and anthraquinone (Figure 5.2). When 

V(O)(O2) was used as the initial oxidant, the yield of anthraquinone was slightly higher 

(14% for V(O)(O2) versus 6% for V(O)(O), Table 5.1).  



 

78 

 

Figure 5.2 The oxidation products of DHA with V(O)(O) or V(O)(O2) under light. 

 

Table 5.9. Yields and product distribution for different substrates using V(O)(O) or V(O)(O2) calculated 
from 1H NMR integration. 

Substrates Product Relative 

Yield w/ 
V(O)(O) (%) 

Relative 

Yield w/ V(O)(O2) 
(%) 

Xanthene dixanthene 94 88 

xanthone 6 12 

9,10 
dihydroanthracene 

bianthracene 88 76 

bianthronyl 6 11 

anthraquinone 6 14 

fluorene dimer 100 100 

triphenylmethane dimer 100 100 

toluene phenylethanol 71 29 

benzaldehyde 34 67 

              

The time course of the photochemical reaction between V(O)(O) and DHA was 

investigated using 1H spectra collected at different reaction times during irradiation (Figure 

5.3). The first detectable changes occurred after about 5 minutes of irradiation and DHA 

was completely consumed after about 30 minutes. The 1H NMR spectra changed very 

little between 30 and 60 minutes of irradiation. The intermediate present in the highest 

concentration during irradiation was confirmed as 9,9′ ,10,10′ -tetrahydro-9,9′ -

bianthracene by comparing the 1H NMR with literature.229  

Upon standing, NMR tubes containing these reaction mixtures formed X-ray quality 

crystals. The solid-state structure is consistent with other structures of this compound230,231 
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and unambiguously confirms the presence of 9,9′,10,10′-tetrahydro-9,9′-bianthracene. 

Interestingly, analysis of other crystals showed bianthronyl232 and anthraquinone,233 also 

consistent with 1H NMR. 

 

Figure 5.3 1H NMR spectra of CD3CN solutions of V(O)(O) + DHA reaction mixtures 
irradiated for different reaction times 1H NMR spectra of CD3CN solutions of V(O)(O) 
+ DHA reaction mixtures irradiated for different reaction times. 

5.3.2. Substrates with different bond dissociation free energy 

To explore the generality of the light-initiated reactions of V(O)(O), other 

compounds with weak C-H bonds were tested (Table 5.2). The corresponding dark control 

reactions were performed and no reaction was observed with any of the substrates. The 

substrates (Figure 5.4) used were xanthene, fluorene, triphenylmethane (Ph3CH), toluene 

and cyclohexane (bond dissociation free energy (BDFE) values ranging from 70 kcal  

mol–1 to 98 kcal mol–1,234–236 Table 5.2). An excess of substrate (≥10 equivalents) with 

respect to the V-complexes were used for each experiment. In all cases, substrate 

consumption and product formation were assessed by collection of time dependent 1H 

NMR spectra. An example conversion versus time of different substrates using V(O)(O) 

and V(O)(O2) is shown in Figure 5.5. In general, the reactivity time courses for the two 

complexes followed a similar time course. In cases where ketone products are detected 
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(anthraquinone, xanthone, benzaldehyde), the net yields of those products are slightly 

larger when using V(O)(O2) as the photooxidant (Table 5.1). 

 

Figure 5.4 Substrates studied in Chapter 5. 

Table 5.10. The summary of light-initiated reactions. 

Substrate BDFEa Starting material 
consumed (%)b 

Starting material 
consumed (%)c 

Time 
(min) 

Xanthene 69.8 100 100 40 

DHA 72.5 100 100 40 

Fluorene 73.9 32 30 240 

Ph3CH 75.3 17 19 360 

Toluene 82.7 11 11 540 

Cyclohexaned 98.0 0 0 720 

a approximate values in DMSO in kcal mol–1 calculated from thermochemical data in ref. 234 using revised CG values from 
literature work236, b Using V(O)(O); c Using V(O)(O2), d extrapolated BDFE from gas phase data using the method in ref. 
235 

Xanthene, the compound with the weakest C-H bond, follows a reaction time 

course that is almost identical to that of DHA; xanthene was fully consumed within 40 min 

of irradiation. The products were dixanthene and xanthone, based on analysis of 1H NMR 

spectra. Dixanthene was the primary product with smaller amounts of xanthone detected. 

When V(O)(O2) was used, xanthone was present in larger amounts (Table 5.1). 

For the substrates with BDFEs higher than 74 kcal mol–1, the degree of substrate 

consumption was less than for DHA and xanthene. The degree of reactivity decreased as 

a function of increasing C-H BDFE. For fluorene, about 30% of the starting material was 
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consumed over 6 hours, about 20% of triphenylmethane was consumed, and about 10% 

of toluene. Cyclohexane was not reactive, at least to a degree detectable by 1H NMR. For 

fluorene and triphenylmethane, the main products were the corresponding dimers. After 9 

hours of visible light irradiation, the products from toluene oxidations were mixtures of 

phenylethanol and benzaldehyde. When V(O)(O) is the initiating oxidant, phenylethanol 

was produced in greater quantity than benzaldehyde, and when using V(O)(O2) 

benzaldehyde was in a greater amount (Table 5.1). The higher reactivity of DHA may be 

because its oxidation involves loss of at least 2H•, offering different routes to oxidation. If 

outer-sphere oxidations are involved (see below), the higher potential for oxidation of 

fluorene versus DHA237 could explain the observed difference in reactivity. 

 

Figure 5.5 The conversion process as a function of time for different substrates 
using visible-light irradiated solutions containing V(O)(O) and V(O)(O2). 

5.3.3. Radical mechanism of light-initiated activation of C-H bonds 

The activation of C-H bonds can occur via a radical mechanism, where it is well 

established that chain propagation reactions involving O2 and related radicals are 

important to reaction outcomes.238 Given the detection of oxygenated products, 

photochemical reactions of V(O)(O) were carried out with toluene or DHA under N2 

atmosphere. In these reactions, no conversion of the organic starting material was 

observed (see Appendix D). In other aerobic control reactions, the ratio of VV complex and 

substrate were varied. No change in reaction time or outcome were observed. This result 
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suggests that the observed substrate consumption arises from a radical chain involving 

O2 and organic peroxyl radicals. However, the initial organic radical is likely produced via 

C-H abstraction by the electronically excited vanadium complex. A proposed mechanism 

using DHA as the substrate is shown in Figure 5.6. In some ways, there are parallels to 

the photochemical C-H activation239 and functionalization240 chemistry of 

polyoxometalates. 

Light-initiated C-C bond activation using benzoin as a substrate with V(O)(O) and 

V(O)(O2) is studied. The Stern-Volmer plot241 and photochemical reactions of V(O)(O) 

carried under N2 atmosphere are studied (see Appendix D). The results suggest that C-C 

bond activation follows a different mechanism from C-H bond activation, where O2 is not 

a vital factor. 

Additionally, in the absence of an organic substrate, the stability of irradiated 

V(O)(O) and V(O)(O2) under air, oxygen and nitrogen were analysed using UV-vis, 

luminescence, IR, 1H NMR and 51V NMR. The luminescence spectra are not substantially 

affected by the presence of oxygen. However, the 1H NMR and 51V NMR shows that the 

VV compounds are converted to VIV compounds under prolonged visible irradiation. 

Results from UV-vis and IR spectra also are consistent with the formation of VIV 

complexes.242 The mechanism of photodegradation of the V complexes is not obvious, but 

photoinduced reduction of Schiff-base-ligated V(V)-oxo complexes has been reported.243 
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Figure 5.6 Proposed process for light-initiated reaction of DHA with V(O)(O) and 
V(O)(O2). 

5.3.4. Quantum calculations and their implications 

Quantum chemical calculations were used to gain greater insight into the 

electronically excited states that could give rise to C-H activation. Full details are given in 

Appendix D. The structure of the model complex [V(O)(O)(4,4 -́dimethylbipyridine)2]+ was 

optimized using the TPSSh functional and Ahlrichs def2-TZVP basis set on all atoms. The 

bond metrical parameters were in close agreement with reported values. TD-DFT 

calculations, used to evaluate natural transition orbitals (NTOs),244 were carried out with 

the TPSS functional and def2-TZVP basis set. The two most intense transitions (324.6 nm 

(30807 cm–1) and 308.2 nm (32,448 cm–1)) are shown in Figure 5.7, along with the 

experimental spectrum for V(O)(O). The NTOs are shown at a diimine-based orbital to a 

highly delocalized orbital shared among the V, O, and diimine (at right of Figure 5.7). The 

lower energy transition corresponds to an excitation primarily from orbitals localized on 

the V=O groups to orbitals based on the diimine ligands. This transition depopulates the 

V=O bonding orbital, which may give rise to a C-H activation pathway where large 

reorganization of the V(O)(O) core217 is not needed. The more intense, high energy 

transition is attributed to promotion of an electron from an orbital primarily localized on the 

diimine to orbitals spread across the other diimine and the V(O)(O) moiety. Experiments 

using a 480 nm long pass filter show no reactivity between V(O)(O) and substrate, 
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consistent with the above proposal. V(O)(O2) is similarly unreactive when visible light is 

used, thus, the ligand to metal charge transfer excited state involving the peroxo ligand218 

is not likely the source of reactivity and higher energy light is needed. We note that others 

have proposed a mechanistic pathway where excitation of the vanadium-peroxo group is 

important.219,220 The lack of reactivity when using longer wavelength light also indicates 

that two photon processes are not a major contributor to the observed reactivity. 

 

Figure 5.7 Left: The experimental spectrum of V(O)(O) is shown in black and the 
positions of most intense calculated transitions are red vertical lines. Right: The 
NTOs for the two transitions shown in the optical spectrum. 

The above analysis leads to a mechanistic picture where the electronically excited 

V complex is involved in the initial C-H activation step and follow up radical reactions 

involving O2 and the resultant peroxyl radicals. In principle, an H-abstraction mechanism 

by *V(O)(O), though outer-sphere electron transfer could be at play. Based on the 

luminesce spectrum (Appendix D) of V(O)(O) and the electrochemical parameters, 

*V(O)(O) is estimated to be a ~2 V oxidant. The lack of C-H activation chemistry under N2 

is not necessarily consistent with outer sphere electron transfer, though inefficient cage 

escape could give rise to such behaviour. The changes in product consumption as a 

function of increasing BDFE also is consistent with a H-atom transfer in the initial step. 
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5.4. Conclusion 

The excited states of vanadium-dioxo and vanadium-oxo-peroxo complexes can 

activate weak C–H bonds rapidly, likely by abstracting H• in an initial step involving the 

electronically excited V complex. The compounds with the weakest bonds are consumed 

withing 40 minutes, compared to several days for thermal reactions. The much stronger 

C-H like toluene and cyclohexane are mostly unreactive. The requirement of O2 for 

substrate consumption is consistent with a radical chain reaction, initiated by the initial H-

transfer step. These results confirmed photoactivated cis-dioxo vanadium(V) diimine 

complexes activated C-H much faster than in their ground state, although follow-up, or 

trapping, reagents are necessary. A great many other bond activations use mono-oxo V 

complexes, but the results presented here suggest that photoactivation is one way in 

which to increase the reactivity of the otherwise sluggish dioxo complexes. 

5.5. Experimental details 

5.5.1. Materials and methods  

All chemicals were purchased from Sigma-Aldrich and were used as received, 

unless noted otherwise. Solvents were from J.T. Baker. Gases were from Praxair Canada. 

Nuclear magnetic resonance (NMR) was carried out using the Bruker UltrashieldTM 400 

plus. The photochemical character was studied using Spectrofluorometer FS5 (Edinburgh 

Instruments Ltd). UV-visible (UV-vis) spectra were collected using a Cary100Bio UV-vis 

spectrophotometer. FT-IR was tested using NEXUS 670 FT-IR of Thermo Instruments 

(Canada) Inc. Light-initiated reactions were carried out using a 75 W Xenon lamp with a 

glass (~300 nm) cut-off filter and were thermo stated in a water bath at 22 °C. 

For X-ray crystallography study, crystals were coated in paratone oil, mounted on 

a MiTeGen Micro Mount. Data were collected on a Bruker Smart instrument equipped with 

an APEX II CCD area detector fixed at a distance of 5.0 cm from the crystal and a Cu Kα 

fine focus sealed tube (λ = 1.54178 nm) operated at 1.5 kW (50 kV, 30 mA), filtered with 

a graphite monochromator. All diffraction data was processed with the Bruker Apex II 

software suite. 
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5.5.2. Computational details 

Calculations were performed using the ORCA 4.2.1 ab initio quantum chemistry 

program.172,173 Geometry optimizations and single point calculations were carried out 

using the TPSSh functional, utilizing the RIJCOSX algorithm.175 The basis set was def2-

TZVP(-f)/def2/J 177,245,246 and the Becke-Johnson damping scheme178,179 on all atoms. The 

optimized structures were characterized using vibrational frequency calculations at the 

same level of theory to confirm that the structures were located at a minimum on the 

potential energy surface. Metrical parameters calculated for cis-V(O)(O)(4,4 -́

dimethylbipyridyl)+ are similar to those in an experimental X-ray structure.247 TD-DT For 

direct comparison with TD-DFT calculations, single-point energy calculations used the 

TPSS174 functional and def2-TZVP(-f) def2-TZVP/C basis set177,245,246 in acetonitrile 

solvent using the a dielectric continuum model (CPCM). 

5.5.3. Syntheses of V(O)(OH),104 V(O)(O)104 and V(O)(O2)248 

To synthesize cis-[VIVO(OH)(4,4’-tBu2bpy)2]BF4, a solution of V(O)SO4∙2H2O (260 

mg, 1.33 mmol) was added with aqueous HBF4 (48 wt%, 0.3ml, 2.3 mmol) in 2 mL 

deionized water and the pH of the solution was 1. BaCO3 was added and CO2 was 

produced as well as the white precipitate (BaSO4). After removing the precipitate, tBu2bpy 

(0.87 g, 3.24 mmol) was added and the clear blue solution changed to red-brown and a 

precipitate formed. Stirring for 2 h and filtrate a yellow solid. The solid was washed with 

Et2O and dries in vacuo (0.65 g, 70% yield). The UV-vis and IR results of the compound 

were confirmed with literature reported. 

For synthesis of cis-[VVO2(4,4’-tBu2bpy)2]BF4, tBu2bpy (0.24 g, 0.896 mmol) was 

added to a NaVO3 (0.0546g, 0.448 mmol) solution in 10 mL aqueous HBF4 (pH=1). Stir 

overnight and filtrate a pale yellow precipitated. The precipitated was dissolved in CH2Cl2 

and the solution was washed with NaHCO3 three times, then washed with water. 

Recrystalized with CH2Cl2/pentane. (0.26 g, 83% yield). The 1H NMR result of the 

compound was confirmed with literature reported. 

Synthesis of [VVO(O2)(4,4’-tBu2bpy)2]BF4, cis-[VIVO(OH)(4,4’-tBu2bpy)2]BF4 (300 

mg, 0.42 mmol) was mixed with CH3CN/THF (20 mL/180mL) in a round bottom flask that 

was sealed and vented to air with a needle. Stirring for 3 days and the color of the mixture 
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changed from yellow to red. The solvent was removed using a rotary evaporator. The solid 

was dissolved in CH2Cl2 and recrystalized with CH2Cl2/pentane. (0.50 g, 98% yield). The 

1H NMR result of the compound was confirmed with reported literature. 
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Chapter 6.  

Overview and overall impacts of this thesis  

6.1. Overview of the thesis 

Molecular catalysts are very attractive for fundamental studies because of their 

well-defined active sites and ability to be tuned via synthesis. This makes the development 

of structure-activity relationships possible, engendering routes for rational catalyst design. 

This thesis describes new avenues to address challenges in electrocatalysis involving 

multi-H+/e– transformations of small molecules, in particular using metalloporphyrins. The 

light-initiated activation of bonds using vanadium oxo complexes is also discussed. The 

reactions investigated in this thesis are important foundations for the development of 

renewable energy technology, addressing environmental problems, and utilisation of 

remaining fossil fuels. Example reactions, respectively, include reduction of O2 to H2O, 

reduction of CO2, and C-H bond activation/functionalization. This thesis starts with a 

discussion of the important advances in the use of metalloporphyrins as catalysts in the 

activation of small molecules, in particular O2 and CO2. Emphasis is placed on contrasting 

homogeneous and heterogeneous electrocatalysis, and comparisons for proposed 

reaction mechanisms for both CO2 and O2 reduction by metalloporphyrins. Metal-oxo C-H 

activation chemistry is also discussed in Chapter 1. Learning from previous lessons, the 

aim of this thesis is to investigate the second-sphere influence for different metal center 

metalloporphyrins and different reactions, which are described in Chapter 2, 

demonstrating the heterogeneous electrochemical O2 reduction. Further, Chapters 3 and 

4 present the electrocatalytic homogeneous and heterogeneous CO2 reduction. Finally, 

Chapter 5 probes light-initiated C-H bond activation using vanadium-oxo complexes. The 

outlook for each chapter is discussed in the following sections. 

Chapter 2 describes a systematic investigation of heterogeneous preparations of 

cobalt porphyrin catalysts immobilized on the edge plane graphite. The porphyrins are 

modified versions of Co(5,10,15,20-tetraphenylporphyrin) where the 2-position of one of 

the phenyl groups contains -NH2, -N(CH3)2, and -N(CH3)3
+. We know that the rapid and 

selective reduction of O2 by 4H+ and 4e– to yield water is crucial for the energy-harvesting 

chemistry of proton-exchange membrane (PEM) fuel cells. Metalloporphyrin 
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electrocatalysts have received a great deal of research attention and it is generally 

accepted that the rates and selectivity for O2 reduction are improved by including Brønsted 

acids proximal to metal active sites. While these groups are proposed to act explicitly as 

proton donors, they also could serve as electrostatic stabilizers of reduced intermediates 

since the conjugate acid of a nitrogenous base is cationic. My investigations of a series of 

Co-porphyrins using cyclic voltammetry and hydrodynamic electrochemistry show that the 

presence of a cationic group gives rise to a catalyst for the selective conversion of O2 to 

H2O, in contrast to other Co-porphyrins, which produce H2O2. The other catalysts are only 

selective for reduction of O2 to water at pH 0. The rate (~106 M–1s–1) and selectivity of the 

N(CH3)3
+-modified catalyst are invariant between pH 0 and 7. The enhancement of 

selectivity is attributed to the mechanism of O2 reduction by Co-porphyrins, which relies 

on anionic, peroxide-bound intermediates, is supported by quantum chemical calculations. 

While protic ancillary groups are important in the performance of iron ORR catalysts, 

Chapter 2 suggests that electrostatic stabilizers of O2-bound intermediates are more 

crucial for cobalt ORR catalysts. 

The work described in Chapter 3 involved the homogeneous CO2RR using 

Co(5,10,15,20-tetraphenylporphyrin) where the 2-position of one of the phenyl groups 

contains -NH2, -N(CH3)2, -N(CH3)3
+ and -OH. Investigations using cyclic voltammetry show 

that CoTPPNMe3
+ can reduce CO2 at a lower potential in comparison with other cobalt 

porphyrins. CoTPPNMe3
+ and CoTPPOH show larger catalytic waves than other cobalt 

porphyrins. Combining studies of kinetics and Faradic yields, I conclude that the 

electrostatic group modified cobalt porphyrins (CoTPPNMe3
+) can manage more protons 

and electrons to produce products other than CO. In comparison, the proton relay group 

modified cobalt porphyrins produce more CO. This is the first distinction from 

homogeneous iron porphyrin CO2RR catalysis. Another surprising result is that the 

addition of Brønsted acids does not always promote CO2RR catalysis when using cobalt 

porphyrin electrocatalysts. This could be a result of changing the rate limiting step or 

through adventitious proton reduction. This is the other distinction from homogeneous iron 

porphyrin CO2RR catalysis. The work in Chapter 3 suggests that the second-sphere 

ancillary groups for different metal centers of metalloporphyrins must be carefully 

designed to promote specific products for homogeneous CO2 reduction reaction. 

Chapter 4 presents work on heterogeneous CO2 reduction using the same 

metalloporphyrins that were discussed in Chapter 2. Cobalt porphyrins were adsorbed on 
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graphite surfaces and electrochemical studies were carried out in CO2 saturated water (in 

presence of 0.1 M KCl or 0.05 M K2CO3 as an electrolyte). Among all the cobalt porphyrins, 

CoTPPNMe3
+ can reduce CO2 at lower potentials in comparison to the other cobalt 

porphyrins, which is similar to the results for homogeneous CO2RR catalysis (see above). 

Since heterogeneous catalyst preparations can also exert a significant influence on 

CO2RR catalysis, future work in this area could address this observation. Kinetic studies 

and product distributions are investigated using hydrodynamic electrochemistry, GC, and 

1H NMR. CoTPPNMe3
+ can manage more protons and electrons to produce other 

products. In contrast, the proton relay group modified cobalt porphyrins produce more CO. 

In addition, Co(III) porphyrins are detected after CO2RR using my Co-porphyrins. This is 

different from the oxygen reduction reaction using cobalt porphyrins as catalysts. For 

ORR, all the redox occurs at oxygen, where the oxidation state of cobalt does not change. 

Finally, in some cases, protonated-CoTPPNMe2 shows similar or better behavior for 

CO2RR compared with CoTPPNMe3
+, suggesting that protonation of the dimethyl amino 

group is important. 

In Chapter 5, the photochemical activation of carbon-hydrogen bonds by 

vanadium(V)-dioxo and vanadium(V)-oxo-peroxo diimine complexes is described. 

Reactions were carried out using a selection of organic substrates (xanthene, 9,10-

dihydroanthracene (DHA), fluorene, triphenylmethane (Ph3CH), toluene and cyclohexane) 

with C-H bond dissociation free energy values between 70 and 97 kcal mol–1. Compounds 

with weaker C-H bonds could be oxidized in minutes, rather than in days for thermal 

oxidations by the corresponding complexes. Dioxygen is necessary for substrate 

consumption, which suggests that the electronically excited V complexes are radical 

reaction initiators via H-atom abstraction from the organic substrate. In addition, benzoin 

was used as a test substrate for C-C bond activation using vanadium(V)-dioxo and 

vanadium(V)-oxo-peroxo diimine complexes. This gave a promising route to study the 

common features and distinctions for other light-initiated bond activation using vanadium 

complexes. 
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6.2. Impacts of the thesis 

6.2.1. Comments on the common features of oxygen/carbon dioxide 
reduction reaction using metalloporphyrins 

The O2 and CO2 reduction reactions are both part of a larger class of proton-

coupled redox reactions. From Chapter 1, the order and timing of the input of H+ and e– 

are central in determining the selectivity and kinetics of a catalyst. The architecture of the 

catalyst is known to be important and that idea has been reinforced in the past 10 years, 

especially in terms of hydrogen bonding and proton transfer reactions. In particular, the 

ability of catalysts to aid substrate binding through hydrogen bonding is important, as is 

the stabilization of key intermediates produced during reduction. Likewise, catalysts that 

support protonation at proximal or distal groups in both ORR and CO2RR can impact 

catalyst selectivity.  

In Chapter 2, the investigation of a series of cobalt porphyrins for fundamental 

ORR shows that electrostatic groups are more crucial for improving the selectivity of H2O 

during ORR using cobalt porphyrins due to the stabilization of peroxide-bound 

intermediates. This is distinct from ORR catalyzed by iron porphyrins since proton relay 

groups are helpful in rapidly forming the Fe-oxo complex from a peroxide-bound iron. The 

work in Chapter 3 and 4 is using a similar series of cobalt porphyrins for fundamental 

homogeneous and heterogeneous CO2RR. From these three chapters, we can learn that 

there are parallel advances in metalloporphyrin electrocatalyst designs for oxygen 

reduction and carbon dioxide reduction. This thesis provides information on the role of 

electrostatics in cobalt porphyrins for the O2 and CO2 reduction reactions. While, the focus 

of this thesis has been on Fe and Co metalloporphyrins, we emphasize that the design 

elements and operational features described can be applied to other electrocatalysts.  

6.2.2. Comments on the challenges of oxygen/carbon dioxide 
reduction reaction using metalloporphyrins 

There exists a natural tension between investigations of homogeneous and 

heterogeneous porphyrin electrocatalysts. Studies of homogeneous systems have the 

advantage of fine control of solution composition and consequently the ability to develop 

detailed understanding of reaction energetics, kinetics, and structure-activity relationships. 
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This control allows for studies of reaction mechanisms, even for catalysts that have long 

been known. Investigation of homogeneous molecular electrocatalysts since about 2010 

has revealed some important new features of O2 and CO2 reduction mechanisms. It 

remains a challenge to recapitulate some of those features in heterogeneous systems. 

The past decade has seen important developments in bridging the gap between 

homogeneous and heterogeneous molecular catalysts. Simple approaches, such as drop 

casting or functionalizing carbon materials (e.g., graphite, nanotubes) provide a rapid 

means to explore how molecular catalysts behave when heterogeneous, but more 

elaborate methods, such as production of covalent organic frameworks or graphite 

conjugation, may provide higher performance. As recently underscored in the context of 

CO2 electrochemistry studies, current densities of leading catalysts are too low by perhaps 

a million-fold.249 Many questions remain as to how we combine lessons from the 

developments of the architectures of molecular electrocatalysts and their incorporation 

into materials suitable for applications. It is clear that the addition of polar, charged, and/or 

ionizable groups near porphyrin metal sites can, in general, improve the rate and 

enhancement of proton-coupled activation of small molecules. However, methods of 

incorporation in materials still yields uneven results in different groups (e.g. results for 

heterogeneous ORR catalysts is Ref. 24 versus Ref. 46). 

The importance of electron transfer is well known and tuning reduction potentials 

is usually straightforward via porphyrin syntheses. It is not unusual to see decreases in 

TOF with decreases in overpotential,68 though scaling relationships can sometimes be 

used to address that trade-off. Newer lessons from the past decade have elaborated on 

the importance of proton transfer (i.e., distal versus proximal protonation for both ORR 

and CO2RR). This is a crucial design consideration for implementation of ORR and CO2RR 

catalysts. The nature of the catalyst can control such reactions, but in principle, so can the 

immobilization method (e.g., polymer embedding). Controlling proton transfer in materials 

will require a deeper understanding of the physical properties of catalysts and substrates 

for a given material. 

In Chapter 4, a straightforward way to transfer the work in Chapter 3 for 

homogeneous CO2RR catalysis to heterogeneous CO2RR is by using the drop cast 

method. However, the catalytic wave for the heterogenous system is much lower than in 

homogeneous systems for the same cobalt porphyrin. My view is that heterogeneous 
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molecular catalysts are still a promising way forward if appropriate materials can be 

engineered. The molecules highlighted in this thesis have the benefit of using first row 

transition metals and a high degree of control for catalyst properties afforded by the ligand. 

The new challenges are associated with the design and implementation of materials based 

on the many molecular designs highlighted in this thesis. One example of the power of 

controlling proton transfer in materials is a metal-organic framework where water 

molecules attached to zirconium nodes are proposed to serve as proton relays.250 This 

example also serves to highlight the importance of supporting (non-catalytic) groups in 

materials construction. Consideration of such factors may be one way tune the operational 

parameters of a single catalyst, as demonstrated for Co-phthalocyanine-catalyzed CO2 

reduction.251,252  

6.2.3. Comments on C-H bond activation using V-oxo complexes 

As a member of the large family of proton-coupled electron transfer (PCET), the 

oxidation of hydrocarbons often occurs via a concerted abstraction of a hydrogen atom 

(H• = H+ + e–). Metal-oxo compounds are long-investigated for C-H activation reactions of 

organic molecules, where they can serve as H• acceptors or as single electron  

oxidants.99–101 Most high valent (e.g., Mn(IV), Ru(IV), Cr(VI)) metal oxo complexes are 

typically good oxidants. However, upon reduction, these metal-oxo complexes can 

become Brønsted base, conferring the ability to abstract H• from substrates.101 

Contrasting the reactivity of other terminal metal oxos are vanadium(V) dioxo compounds 

that undergo slow H• transfer reactions despite having good H• affinities.217,218 The 

sluggish reactivity of those complexes was attributed to a large reorganization energy 

associated with weakening of the two V=O double bonds at the transition state in 

comparison to other metal-oxo model compounds.217 The work in Chapter 5 shows that 

electronically excited states of vanadium complexes can be capable of faster H• transfer 

reactions, which is also precious inspiration for other bond activation chemistry using light-

initiated vanadium complexes. 
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6.3. Future directions 

6.3.1. Metalloporphyrin catalyst design 

Ancillary groups play an important role in stabilizing intermediates and shuttling 

protons in multi-H+/e– transfer reactions, especially, in this thesis, demonstrating that 

electrostatics could enhance the performance of oxygen reduction reaction and carbon 

dioxide reduction reaction using cobalt porphyrins as electrocatalysts. However, to build 

a better catalyst, additional design optimizations need to be considered, perhaps by 

adding other functional groups. For example, the work in Chapter 4 shows the role 

donating groups may have in affecting the behavior of electrostatics. More explorations 

about combining electrostatics and electronic effects are necessary to be carried out to 

design better ORR/CO2RR electrocatalysts. The promising cobalt porphyrins to start with 

are shown in Figure 6.1 with electron withdrawing or electron donating groups. 

 

Figure 6.1. The chemical structures of cobalt porphyrins to study the effect of 
electrostatics and electronic effect. 
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6.3.2. Electrode support effects 

Homogeneous catalysis is the best platform to benchmark the catalytic features of 

electrocatalysts. However, heterogeneous catalysis is important if the end goal is to 

incorporate these molecular catalysts into materials that are gaining attention for 

industrialization of these technologies. The molecular heterogenous catalysts in this thesis 

used the drop casting method, which does not give the ideal performance for ORR and 

CO2RR. The type of support can play a significant role in catalysis by influencing electron 

transport rates and changing the electronic structures. Therefore, the future work from this 

thesis should also focus on electrode support effects for electrostatic modified cobalt 

porphyrins to provide more useful information for potential practical applications.  

For example, adsorbing molecular catalysts onto nano-structured materials is 

effective in improving the activity and selectivity of CO2RR. CoTPPH was found to have a 

much higher jCO (2.9 vs. 0.028 mA cm–2) and FECO (91% versus 28%) when dispersed in 

DMF with carbon-nanotubes (CNTs) on glassy carbon.253 Polymer encapsulation of 

molecular catalysts can help in tuning electronic structure of the active site via polymer 

interactions, which will modify the second-sphere interactions around the active site and 

help control the reactant concentrations.209 Besides, catalyst stabilities can also be 

improved by 3D architectures like polymers, metal-organic frameworks (MOFs) and 

covalent-organic frameworks (COFs), since they can enable a denser presentation of 

electrochemically active catalytic centers and greater active site tunability.206 

6.3.3. Other bond activations using vanadium complexes 

In Chapter 5, the excited states of vanadium-dioxo and vanadium-oxo-peroxo 

complexes can activate weak C–H bonds rapidly, likely by abstracting H• in an initial step 

involving the electronically excited V complex. Also, from the initial C-C bond activation 

study using benzoin as substrates, vanadium-oxo-peroxo complexes are promising for  

C-C bond activation as well. As an important composition of lignocellulose, a very  

abundant biomass source, lignin is a promising material to be deconstructed into valuable 

products. This research attracts an ever-increasing attention and vanadium complexes is 

used in such reactions.102,103 Therefore, the future work from Chapter 5 could move on to 

light-initiated C-C or C-O bond activation, especially for the study of lignin decomposition. 

The models for this reaction are shown in Figure 6.2 and Figure 1.7. Recently, Prof. Han 
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Sen Soo’s group designed and synthesized a series of vanadium complexes as 

photocatalysts to activate C–C bonds, not only to degrade lignin models under ambient 

conditions but also to successfully convert plastic wastes into useful chemicals under 

visible light and mild reaction conditions.254–256 Notably, these studies highlight the 

possibilities of employing different vanadium photocatalysts to selectively activate different 

bonds among lignin or plastics to obtain useful chemicals, which is the core concept of 

future directions from Chapter 5 (Figure 6.3). 

 

Figure 6.2. The chemical structures of promising substrates for C-C bond activation 
using vanadium complexes. 

 

 

Figure 6.3. The core concept of future directions of bond-activation using vanadium 
complexes. 
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Appendix A.   

Supporting information for Chapter 2 

 

 
Figure A1. Cyclic voltammograms (CVs) for CoTPPH in different pH electrolytes. 
Panel A: pH 0; Panel B: pH 4; Panel C: pH 7. CVs were recorded at a scan rate of 
100 mV s−1 with the 3-electrode configuration. 

 

 

Figure A2. Cyclic voltammograms (CVs) for CoTPPNH2 in different pH electrolytes. 
Panel A: pH 0; Panel B: pH 4; Panel C: pH 7. CVs were recorded at a scan rate of 
100 mV s−1 with the 3-electrode configuration. 
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Figure A3. Cyclic voltammograms (CVs) for CoTPPNMe2 in different pH electrolytes. 
Panel A: pH 0; Panel B: pH 4; Panel C: pH 7. CVs were recorded at a scan rate of 
100 mV s−1 with the 3-electrode configuration. 

 

 
Figure A4. Cyclic voltammograms (CVs)for bare EPG in different pH electrolytes. 
Panel A: pH 0; Panel B: pH 4; Panel C: pH 7. CVs were recorded at a scan rate of 
100 mV s−1 with the 3-electrode configuration. 
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Figure A5. Cyclic voltammograms at pH 0 (A), pH 4 (B), and pH 7 (C) of CoTPPNMe3

+ 
drop-cast on EPG. The traces show the currents under Ar subtracted from the 
currents under O2 using the data from Figure A6. All scan rates are 100 mV s–1. 

Figure A6. Controlled potential electrolysis (CPE) traces for CoTPPH drop-cast on 
EPG under 1 atm O2 in different pH electrolytes. Panel A: pH 0, applied potential = 
0.35 V versus NHE; Panel B: pH 4, applied potential = 0.22 V versus NHE; Panel C: 
pH 7, 0.10 V.  
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Figure A7. Controlled potential electrolysis (CPE) traces for CoTPPNH2 drop-cast 
on EPG under 1 atm O2 in different pH electrolytes; Panel A: pH 0, applied potential 
= 0.46 V versus NHE, Panel B: pH 4, applied potential = 0.31 V versus NHE, Panel C: 
pH 7, applied potential = 0.23 V versus NHE. 

Figure A8. Controlled potential electrolysis (CPE) traces for CoTPPNMe2 drop-cast 
on EPG under 1 atm O2 in different pH electrolytes. Panel A: pH 0, applied potential 
= 0.48 V versus NHE; Panel B: pH 4, applied potential = 0.24 V, panel C: pH 7, applied 
potential = 0.03 V. 
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Figure A9. Controlled potential electrolysis at E1/2 for the CoTPPNMe3

+ drop-cast on 
EPG under 1 atm O2 in different pH electrolytes. Panel A: pH 0, applied potential = 
0.44 V, Panel B: pH 4, applied potential = 0.38 V, Panel C: pH 7, applied potential = 
0.31 V 

 
Figure A10. Rotating ring-disk electrochemistry (RRDE) linear sweep 
voltammograms for a potassium ferricyanide solution 1 atm O2 in 1 M H2SO4 
solution (pH 0) at 900 rpm rotation rate. The scan rate was 20 mV s–1. Ag/AgCl and 
Pt-wire were used as the reference and counter electrode, respectively. The 
potential at the Pt-ring was held at 1.2 V vs. the reference electrode. 

N is the collection efficiency (𝐼r/𝐼d) of the electrode, from Figure A12, Ir was 9.69 

µA and Id was 41.1 µA, so N was about 0.24 using potassium ferricyanide in 1 M H2SO4 

solution. 
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Figure A11. Rotating ring-disk electrochemistry (RRDE) linear sweep 
voltammograms for CoTPPH drop-cast on the rotating EPG disk under 1 atm O2 in 
solutions with different pH (see legend). The rotation rate was 900 rpm. The scan 
rate was 20 mV s−1. The potential at the Pt ring was held at 1.2 V. 

 

 
Figure A12. Rotating ring-disk electrochemistry (RRDE) linear sweep 
voltammograms for CoTPPNH2 drop-cast on the rotating EPG disk under 1 atm O2 
in solutions with different pH (see legend). The rotation rate was 900 rpm. The scan 
rate was 20 mV s−1. The potential at the Pt ring was held at 1.2 V. 
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Figure A13. Rotating ring-disk electrochemistry (RRDE) linear sweep 
voltammograms for CoTPPNMe2 drop-cast on the rotating EPG disk under 1 atm O2 
in solutions with different pH (see legend). The rotation rate was 900 rpm. The scan 
rate was 20 mV s−1. The potential at the Pt ring was held at 1.2 V. 

 

 

 

 
Figure A14. The number of electrons involved in the ORR were calculated from 
RRDE data at different potentials for CoTPPH, CoTPPNH2, CoTPPNMe2 and 
CoTPPNMe3

+ drop-cast on the rotating EPG disk at pH 0 solution. 
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Figure A15. The selectivity of H2O involved in the ORR were calculated using Eq. S1 
using the currents recorded from RRDE experiments at different potentials for 
CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3

+ drop-cast on the rotating EPG 
disk in pH 0 solution. 

 
Figure A16. The number of electrons involved in the ORR were calculated from 
RRDE data at different potentials for CoTPPH, CoTPPNH2, CoTPPNMe2 and 
CoTPPNMe3

+ drop-cast on the rotating EPG disk at pH 4 solution. 

%𝐻2𝑂 = 100% – [
2𝐼𝑟𝑖𝑛𝑔/𝑁

𝐼𝑑𝑖𝑠𝑘+𝐼𝑟𝑖𝑛𝑔/𝑁
× 100%]           (Eq. S1) 

where Iring and Idisk refer to the ring and disk currents, respectively, and N is the collection 

efficient (see above). 
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Figure A17. The selectivity of H2O involved in the ORR were calculated using Eq. S1 
using the currents recorded from RRDE experiments at different potentials for 
CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3

+ drop-cast on the rotating EPG 
disk in pH 4 solution. 

 

 

 

 
Figure A18. The number of electrons involved in the ORR were calculated from 
RRDE data at different potentials for CoTPPH, CoTPPNH2, CoTPPNMe2 and 
CoTPPNMe3

+ drop-cast on the rotating EPG disk at pH 7 solution. 
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Figure A19. The selectivity of H2O involved in the ORR were calculated using Eq. S1 
using the currents recorded from RRDE experiments at different potentials for 
CoTPPH, CoTPPNH2, CoTPPNMe2 and CoTPPNMe3

+ drop-cast on the rotating EPG 
disk in pH 7 solution. 

 

 
Figure A20. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1600 rpm) under 1 atm O2 in pH 0 solution for CoTPPH 
drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot for CoTPPH 
using current density values at 0.2 V. 
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Figure A21. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (600−1600 rpm) under 1 atm O2 in pH 4 solution for CoTPPH 
drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot for CoTPPH 
using current density values at 0 V. 
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Figure A22. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1200 rpm) under 1 atm O2 in pH 7 solution for CoTPPH 
drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot for CoTPPH 
using current density values at –0.2 V. 
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Figure A23. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−900 rpm) under 1 atm O2 in pH 0 solution for CoTPPNH2 
drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot for 
CoTPPNH2 using current density values at 0.2 V. 
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Figure A24. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1200 rpm) under 1 atm O2 in pH 4 solution for 
CoTPPNH2 drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNH2 using current density values at 0 V. 
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Figure A25. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1200 rpm) under 1 atm O2 in pH 7 solution for 
CoTPPNH2 drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNH2 using current density values at –0.2 V. 
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Figure A26. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (600−1600 rpm) under 1 atm O2 in pH 0 solution for 
CoTPPNMe2 drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe2 using current density values at 0.2 V. 
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Figure A27. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1600 rpm) under 1 atm O2 in pH 4 solution for 
CoTPPNMe2 drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe2 using current density values at 0 V. 
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Figure A28. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1200 rpm) under 1 atm O2 in pH 7 solution for 
CoTPPNMe2 drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe2 using current density values at -0.2 V. 
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Figure A29. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1600 rpm) under 1 atm O2 in pH 0 solution for 
CoTPPNMe3

+ drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe3

+ using current density values at 0.2 V. 
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Figure A30. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1600 rpm) under 1 atm O2 in pH 4 solution for 
CoTPPNMe3

+ drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe3

+ using current density values at 0 V. 
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Figure A31. (a) Linear sweep voltammograms obtained from RDE experiments at 
different rotation rates (400−1600 rpm) under 1 atm O2 in pH 7 solution for 
CoTPPNMe3

+ drop-cast onto an EPG disk electrode. (b) Koutecky−Levich (K−L) plot 
for CoTPPNMe3

+ using current density values at -0.2 V. 
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Figure A32. The number of electrons involved in the ORR were calculated at 
different overpotentials for CoTPPNMe3

+ drop-cast on the rotating EPG disk in 
different pH solutions.  

 
Figure A33. The selectivity of H2O involved in the ORR were calculated (Eq. S1) at 
different overpotentials for CoTPPNMe3

+ drop-cast on EPG disk in different pH 
solutions. Electrochemical conditions were identical to those used for RRDE 
experiments. 
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Figure A34. Koutecky – Levich (K-L) plots for CoTPPNMe3

+ at different potentials 
(given at the right of the figure) vs. NHE at pH 0. The theoretical K-L plots for 2e– 
and 4e– processes are shown for comparison. The number of electrons involved in 
catalysis (nexp) were calculated as described above. 

                    
Figure A35. Koutecky – Levich (K-L) plots for CoTPPNMe3

+ at different potentials 
(given at the right of the figure) vs. NHE at pH 4. The theoretical K-L plots for 2e– 
and 4e– processes are shown for comparison. The number of electrons involved in 
catalysis (nexp) were calculated as described above. 

 



 

143 

 
Figure A36. Koutecky – Levich (K-L) plots for CoTPPNMe3

+ at different potentials 
(given at the right of the figure) vs. NHE at pH 7. The theoretical K-L plots for 2e– 
and 4e– processes are shown for comparison. The number of electrons involved in 
catalysis (nexp) were calculated as described above. 

 

Table S1. Summary of O-O and Co-O bond lengths (Å ) in optimized structures. 

  Ligand 

 Bond O2 OO2– OOH– 

CoTPP O-O 1.256 1.289 1.437 

CoTPPNH2 O-O 1.265 1.305 1.465 

CoTPPNMe3
+ O-O 1.270 1.315 1.472 

CoTPP Co-O 1.891 2.021 1.969 

CoTPPNH2 Co-O 1.869 2.074 2.038 

CoTPPNMe3
+ Co-O 1.848 2.020 2.022 

 

Table S2. Summary of O-O bond lengths (Å ) in optimized structures. 

 bond length 

O2 O-O 1.214 

O2
2– O-O 1.632 

HOO– O-O 1.539 

H2O2 O-O 1.466 
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Optimized Geometries 

O2 

O 9.03174 3.01300 7.98733 

O 8.81237 3.98968 7.29959 

 

 

H2O2 
O -1.34108 0.32120 -0.41249 

O 0.06410 0.12912 -0.04115 

H -1.76683 -0.13275 0.34302 

H 0.34230 1.06613 0.01130 

 

 

CoTPP 

Co 7.27176 1.92025 8.55127 

N 6.58941 2.32302 6.74997 

N 8.07031 0.24812 7.87853 

N 7.94989 1.52346 10.35559 

N 6.47574 3.58700 9.22117 

C 2.78529 5.20096 7.23838 

H 2.51966 4.46703 8.00629 

C 10.71218 -2.37424 10.46128 

H 11.33360 -1.77591 9.78701 

C 5.11859 4.25544 7.25257 

C 7.46679 3.67220 11.49579 

C 7.71006 0.53432 5.44111 

C 4.10035 5.21683 6.73109 

C 1.82644 6.10570 6.76401 

H 0.80737 6.07672 7.16450 

C 9.07909 -1.84950 7.76082 

H 9.52625 -2.78085 8.10503 

C 8.61799 -0.78785 8.62481 

C 10.45653 -4.25197 11.98273 

H 10.87652 -5.12905 12.48649 

C 6.89226 1.66447 5.56698 

C 8.21022 -0.15022 6.55489 

C 7.62904 4.49056 12.73578 

C 8.76550 0.73692 3.16725 

H 9.20010 1.68728 3.49412 

C 9.37384 -1.99144 10.68267 

C 8.01274 2.38425 11.44498 

C 8.87063 -1.43232 6.47597 

H 9.11687 -1.94864 5.54935 

C 7.96968 0.00174 4.06898 

C 7.41101 -1.21913 3.64002 

H 6.77556 -1.78628 4.32801 

C 8.95851 0.46684 12.17103 

H 9.45691 -0.31985 12.73619 

C 8.66934 1.74466 12.56131 

H 8.87450 2.22308 13.51792 

C 8.79369 -0.78712 10.01348 

C 4.43411 6.16519 5.74306 

H 5.45814 6.19497 5.35678 

C 2.16797 7.04214 5.77763 

H 1.41854 7.74979 5.40747 

C 7.92311 6.06526 15.06127 

H 8.03735 6.67576 15.96331 

C 7.64919 -1.69598 2.34424 
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H 7.20310 -2.64373 2.02403 

C 11.24868 -3.49657 11.10599 

H 12.29210 -3.77808 10.92762 

C 5.93165 5.41547 10.55920 

H 5.93416 6.07087 11.42927 

C 9.12540 -3.87661 12.21412 

H 8.50038 -4.46202 12.89707 

C 6.69834 4.19640 10.44864 

C 8.38849 5.67760 12.70800 

H 8.86825 5.98091 11.77165 

C 8.53548 6.45788 13.86239 

H 9.13362 7.37474 13.82576 

C 8.44744 -0.95942 1.45710 

H 8.63270 -1.33260 0.44426 

C 5.33818 3.19638 4.98836 

H 4.60315 3.81508 4.47555 

C 6.13411 2.21456 4.46741 

H 6.18370 1.85358 3.44082 

C 5.56777 4.41108 8.57011 

C 5.65050 3.28465 6.39579 

C 5.21593 5.53895 9.40082 

H 4.52406 6.32871 9.11071 

C 3.47490 7.07014 5.26981 

H 3.75166 7.80461 4.50579 

C 9.00381 0.25909 1.87196 

H 9.62866 0.83997 1.18501 

C 7.16126 4.88845 15.09877 

H 6.67282 4.57978 16.02933 

C 7.01464 4.10711 13.94511 

H 6.40954 3.19495 13.96993 

C 8.52786 0.34214 10.79795 

C 8.58848 -2.75379 11.57050 

H 7.54873 -2.45997 11.74804 

 

 

CoTPP-O2 

Co 7.38870 1.97307 8.51879 

N 6.59660 2.29880 6.75579 

N 8.07460 0.24127 7.87171 

N 7.94795 1.51114 10.34860 

N 6.47951 3.55580 9.22615 

C 2.70132 5.02969 7.32632 

H 2.48387 4.28771 8.10165 

C 10.52777 -2.51221 10.50259 

H 11.19248 -1.94753 9.84080 

C 5.06480 4.17291 7.28459 

C 7.56785 3.69487 11.44891 

C 7.80962 0.58562 5.43487 

C 4.00137 5.09515 6.78502 

C 1.69652 5.89529 6.87490 

H 0.68971 5.82787 7.30089 

C 9.02458 -1.87841 7.75868 

H 9.42017 -2.83293 8.10261 

C 8.56262 -0.81695 8.62347 

C 10.14709 -4.36972 12.02306 

H 10.51193 -5.26567 12.53641 

C 6.94862 1.68416 5.56696 

C 8.26656 -0.12925 6.54907 

C 7.80609 4.55577 12.64551 

C 8.94165 0.90436 3.21707 

H 9.33844 1.85012 3.60041 

C 9.20670 -2.06106 10.69777 

C 8.06630 2.38635 11.41891 
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C 8.89387 -1.42801 6.47387 

H 9.16398 -1.93623 5.54942 

C 8.13385 0.11079 4.05637 

C 7.62070 -1.10316 3.55651 

H 6.97211 -1.71256 4.19431 

C 8.89949 0.42758 12.17239 

H 9.34718 -0.37951 12.75114 

C 8.69045 1.72785 12.54252 

H 8.92265 2.20590 13.49311 

C 8.69812 -0.83161 10.01757 

C 4.27451 6.05375 5.78836 

H 5.28741 6.12371 5.37883 

C 1.97712 6.84189 5.87906 

H 1.19189 7.51927 5.52695 

C 8.24561 6.22842 14.87634 

H 8.41628 6.87691 15.74221 

C 7.91739 -1.51746 2.25136 

H 7.50611 -2.46001 1.87428 

C 10.99335 -3.65854 11.15999 

H 12.02427 -3.99334 11.00255 

C 5.96772 5.40148 10.54397 

H 5.99545 6.07432 11.40032 

C 8.83302 -3.92568 12.22894 

H 8.16605 -4.47597 12.90129 

C 6.75344 4.19552 10.42336 

C 8.58202 5.72621 12.52283 

H 9.01656 5.97647 11.54949 

C 8.80173 6.55469 13.63101 

H 9.41202 7.45752 13.52138 

C 8.72869 -0.72450 1.42686 

H 8.95926 -1.04900 0.40660 

C 5.32121 3.14501 5.00534 

H 4.55628 3.73175 4.49872 

C 6.17379 2.21838 4.47106 

H 6.24835 1.87928 3.43845 

C 5.53625 4.34812 8.59290 

C 5.62291 3.22656 6.41589 

C 5.19195 5.48152 9.41987 

H 4.46622 6.24718 9.14821 

C 3.26904 6.91983 5.33896 

H 3.49792 7.66370 4.56829 

C 9.23863 0.48804 1.91275 

H 9.87222 1.11292 1.27423 

C 7.46606 5.07000 15.00708 

H 7.01964 4.81466 15.97418 

C 7.24672 4.23958 13.90017 

H 6.62419 3.34420 13.99765 

C 8.46675 0.30892 10.79884 

C 8.36676 -2.77873 11.57318 

H 7.34033 -2.43146 11.73056 

O 9.01859 2.86000 8.15362 

O 8.97995 3.98443 7.59535 

 

 

CoTPP-(O22–) 

Co 7.40038 1.96604 8.51168 

N 6.68988 2.37475 6.73146 

N 8.15272 0.25930 7.86239 

N 7.88699 1.45497 10.35785 

N 6.46028 3.53295 9.20897 

C 2.63521 4.92245 7.62322 

H 2.59350 4.30112 8.52405 

C 10.09683 -2.91606 10.43400 
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H 10.79306 -2.53395 9.68163 

C 4.98045 4.09011 7.29151 

C 7.62754 3.68730 11.39642 

C 8.01406 0.72072 5.42851 

C 3.83059 4.90523 6.85374 

C 1.52905 5.69071 7.24946 

H 0.62072 5.66445 7.86561 

C 9.07995 -1.85882 7.71456 

H 9.42558 -2.84561 8.02050 

C 8.57615 -0.83770 8.59855 

C 9.55692 -4.57101 12.14270 

H 9.79879 -5.49316 12.68530 

C 7.12333 1.80287 5.53885 

C 8.42080 -0.05381 6.52890 

C 7.97818 4.60431 12.50689 

C 9.15129 1.19518 3.24013 

H 9.44495 2.16210 3.66128 

C 8.91890 -2.17150 10.71330 

C 8.05965 2.34644 11.41156 

C 9.04197 -1.34612 6.43573 

H 9.37708 -1.82337 5.51464 

C 8.40715 0.31018 4.05231 

C 8.02318 -0.93045 3.49628 

H 7.41930 -1.61178 4.10381 

C 8.77588 0.34451 12.18214 

H 9.21078 -0.46604 12.76811 

C 8.65609 1.67187 12.53243 

H 8.94495 2.14143 13.47305 

C 8.55950 -0.92034 10.01583 

C 3.85161 5.72631 5.69396 

H 4.77404 5.78211 5.10833 

C 1.56522 6.48049 6.08502 

H 0.69627 7.08009 5.78722 

C 8.66311 6.45082 14.56034 

H 8.92835 7.16171 15.35283 

C 8.38543 -1.28084 2.18771 

H 8.06902 -2.24802 1.77703 

C 10.40416 -4.09111 11.12900 

H 11.33039 -4.63034 10.88999 

C 5.97563 5.37270 10.52795 

H 6.01377 6.05899 11.37534 

C 8.39598 -3.83780 12.45218 

H 7.71786 -4.19211 13.23959 

C 6.78756 4.19406 10.38298 

C 8.64189 5.81968 12.20848 

H 8.89706 6.01828 11.16218 

C 8.97813 6.72841 13.21838 

H 9.50099 7.65779 12.95932 

C 9.13329 -0.39412 1.39726 

H 9.41534 -0.66746 0.37285 

C 5.41561 3.16512 4.96487 

H 4.61467 3.68183 4.43666 

C 6.35190 2.30710 4.43332 

H 6.46175 1.98865 3.39579 

C 5.45397 4.26857 8.61893 

C 5.66439 3.24247 6.38433 

C 5.12247 5.40376 9.44606 

H 4.37818 6.16225 9.20017 

C 2.74210 6.49076 5.31640 

H 2.80346 7.12061 4.41903 

C 9.51037 0.84887 1.93006 

H 10.09411 1.55183 1.32268 

C 7.99983 5.25325 14.87225 
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H 7.73139 5.03074 15.91317 

C 7.65795 4.34561 13.86058 

H 7.11255 3.42887 14.10603 

C 8.32514 0.22919 10.81554 

C 8.08615 -2.66752 11.75352 

H 7.17482 -2.10948 11.99314 

O 9.14917 2.96424 8.33858 

O 9.14277 4.25115 8.27360 

 

 

CoTPP-(OOH–) 

Co 7.43707 1.98124 8.53275 

N 6.70109 2.38040 6.73848 

N 8.10453 0.25092 7.88109 

N 7.91867 1.48639 10.36030 

N 6.50620 3.55611 9.20978 

C 2.63511 4.87336 7.49401 

H 2.52272 4.17192 8.32716 

C 10.26524 -2.69296 10.54772 

H 10.97349 -2.18210 9.88785 

C 5.02126 4.10899 7.30239 

C 7.65462 3.71179 11.39695 

C 7.97536 0.68523 5.44609 

C 3.88411 4.95377 6.84116 

C 1.55563 5.66685 7.08500 

H 0.59307 5.58354 7.60283 

C 8.97821 -1.89901 7.76580 

H 9.32515 -2.87786 8.09590 

C 8.50503 -0.84798 8.63343 

C 9.74221 -4.50285 12.08579 

H 10.03763 -5.41782 12.61192 

C 7.08219 1.76940 5.55750 

C 8.35353 -0.08373 6.56483 

C 7.97047 4.61490 12.53661 

C 9.09153 1.13032 3.24519 

H 9.40174 2.09744 3.65443 

C 8.97922 -2.14059 10.72381 

C 8.07080 2.36569 11.41436 

C 8.94409 -1.40219 6.48747 

H 9.26173 -1.89514 5.56955 

C 8.35146 0.25554 4.07077 

C 7.94962 -0.98592 3.53037 

H 7.34352 -1.65910 4.14504 

C 8.76837 0.36221 12.20445 

H 9.16769 -0.45839 12.80088 

C 8.63761 1.68376 12.55527 

H 8.89757 2.15416 13.50277 

C 8.56413 -0.88428 10.03379 

C 4.01961 5.86336 5.77074 

H 4.99083 5.95403 5.27412 

C 1.70208 6.55992 6.01320 

H 0.85795 7.18055 5.69158 

C 8.56847 6.41082 14.64592 

H 8.80108 7.10409 15.46238 

C 8.29191 -1.34701 2.22068 

H 7.96321 -2.31357 1.82088 

C 10.64158 -3.86401 11.21937 

H 11.64744 -4.27426 11.07283 

C 6.00797 5.40345 10.51952 

H 6.05128 6.09118 11.36416 

C 8.46408 -3.95802 12.27833 

H 7.75411 -4.44849 12.95435 

C 6.81516 4.21059 10.38400 
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C 8.69826 5.80127 12.29559 

H 9.03380 6.00824 11.27409 

C 8.99383 6.68868 13.33780 

H 9.56562 7.60025 13.12861 

C 9.03652 -0.47123 1.41643 

H 9.30256 -0.75332 0.39128 

C 5.33404 3.09919 5.00333 

H 4.52018 3.61156 4.49037 

C 6.26333 2.24071 4.46547 

H 6.34564 1.89689 3.43427 

C 5.50757 4.30702 8.60580 

C 5.63147 3.21510 6.40701 

C 5.17184 5.44220 9.43211 

H 4.41918 6.19142 9.18541 

C 2.93963 6.65571 5.35957 

H 3.06856 7.36027 4.52978 

C 9.43097 0.77178 1.93448 

H 10.01183 1.46498 1.31498 

C 7.83808 5.24012 14.89876 

H 7.48778 5.02061 15.91425 

C 7.53907 4.35413 13.85522 

H 6.94563 3.45522 14.05064 

C 8.35303 0.25499 10.82774 

C 8.08795 -2.78832 11.60477 

H 7.09073 -2.36078 11.75165 

O 9.13268 2.93848 8.23738 

O 8.91000 4.15918 7.51361 

H 8.09122 3.91631 7.02065 

 

 

CoTPPNH2 

Co 7.27236 2.04207 8.69095 

N 6.67341 2.44986 6.86734 

N 8.14022 0.40702 8.03723 

N 7.92096 1.65660 10.50420 

N 6.36032 3.65569 9.35197 

C 3.78133 6.21001 6.60466 

H 3.12787 5.53375 7.16550 

C 11.81215 -1.13831 10.03042 

H 12.04728 -0.43482 9.22500 

C 5.73779 4.72210 7.20042 

C 6.64395 3.35071 11.79577 

C 7.23868 0.31757 5.72763 

C 5.15976 5.92662 6.52863 

C 3.24811 7.33426 5.96053 

H 2.17392 7.53856 6.02512 

C 9.36361 -1.57257 7.92398 

H 10.02912 -2.37188 8.24798 

C 9.02423 -0.41466 8.72109 

C 12.49298 -2.90651 11.55129 

H 13.26156 -3.58796 11.93122 

C 6.71680 1.61734 5.75766 

C 7.93984 -0.21990 6.81344 

C 6.29941 3.83612 13.16620 

C 8.25789 -0.57168 3.58829 

N 9.48269 -0.02874 3.95459 

C 10.51087 -1.14812 10.57300 

C 7.56160 2.29772 11.68048 

C 8.66688 -1.46571 6.75267 

H 8.65072 -2.14516 5.90124 

C 7.13469 -0.46546 4.45610 

C 5.91841 -1.06313 4.08496 

H 5.06431 -0.96213 4.76315 
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C 9.21059 0.87616 12.27989 

H 9.97995 0.31038 12.80337 

C 8.34923 1.80904 12.78791 

H 8.26979 2.17325 13.81151 

C 9.46930 -0.22245 10.03553 

C 5.99001 6.79029 5.78691 

H 7.06166 6.57450 5.72351 

C 4.08393 8.19017 5.22872 

H 3.66650 9.06841 4.72488 

C 5.66142 4.70773 15.77534 

H 5.41366 5.04632 16.78697 

C 5.78551 -1.76890 2.88230 

H 4.82987 -2.22926 2.61353 

C 12.79571 -2.00893 10.51731 

H 13.80358 -1.98391 10.08914 

C 5.34145 5.22061 10.74455 

H 4.99511 5.68554 11.66638 

C 11.19985 -2.93011 12.09357 

H 10.95292 -3.63591 12.89396 

C 6.11708 4.00410 10.67496 

C 6.70510 5.10861 13.61734 

H 7.28530 5.75214 12.94804 

C 6.38757 5.54064 14.91176 

H 6.71513 6.52972 15.24966 

C 6.89494 -1.87128 2.02937 

H 6.81256 -2.41388 1.08121 

C 5.86859 3.56160 4.98388 

H 5.44299 4.36920 4.38916 

C 6.20871 2.29708 4.58883 

H 6.13729 1.84583 3.59961 

C 5.78491 4.67118 8.59948 

C 6.13137 3.64086 6.40312 

C 5.17835 5.65969 9.45991 

H 4.67553 6.56101 9.11229 

C 5.45602 7.91430 5.14268 

H 6.11521 8.57877 4.57367 

C 8.11391 -1.28187 2.37455 

H 8.97505 -1.36398 1.70113 

C 5.25793 3.43770 15.33878 

H 4.69018 2.78154 16.00726 

C 5.57642 3.00429 14.04524 

H 5.26112 2.01378 13.70118 

C 8.90903 0.75120 10.87285 

C 10.21619 -2.05846 11.60850 

H 9.20247 -2.08697 12.02098 

H 10.12869 0.17890 3.19597 

H 9.44932 0.69435 4.67284 

 

 

CoTPPNH2-O2 

Co 7.21663 1.96439 8.49466 

N 6.36338 2.23545 6.75076 

N 7.87759 0.22851 7.89745 

N 7.84534 1.57088 10.31488 

N 6.28799 3.54321 9.18671 

C 2.38058 4.78574 7.32540 

H 2.20191 4.00904 8.07625 

C 10.36866 -2.51849 10.45218 

H 10.98289 -2.02819 9.69010 

C 4.78946 4.07091 7.28210 

C 7.47130 3.78454 11.35207 

C 7.61503 0.54736 5.45112 

C 3.67795 4.94459 6.79826 
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C 1.32970 5.60437 6.89139 

H 0.32568 5.46502 7.30634 

C 8.71571 -1.93797 7.80832 

H 9.06137 -2.90788 8.16312 

C 8.34660 -0.83072 8.66271 

C 10.07614 -4.25542 12.12675 

H 10.45693 -5.13302 12.65983 

C 6.75528 1.64898 5.55961 

C 8.02715 -0.17178 6.58399 

C 7.73318 4.69112 12.50870 

C 9.42111 0.19164 3.75006 

N 10.33483 0.71304 4.64630 

C 9.09407 -1.99446 10.75010 

C 8.01887 2.49444 11.33594 

C 8.56703 -1.50884 6.51798 

H 8.75476 -2.04797 5.58999 

C 8.04721 0.05733 4.11068 

C 7.14699 -0.53304 3.20669 

H 6.10121 -0.64387 3.51313 

C 8.93755 0.58257 12.11111 

H 9.43773 -0.19130 12.69231 

C 8.73572 1.89662 12.43748 

H 9.02875 2.41897 13.34705 

C 8.56622 -0.78938 10.04440 

C 3.90172 5.94794 5.83419 

H 4.91156 6.09045 5.43592 

C 1.56101 6.59559 5.92694 

H 0.73962 7.23573 5.58797 

C 8.20603 6.45023 14.66532 

H 8.38976 7.13221 15.50229 

C 7.56372 -0.98601 1.94882 

H 6.84841 -1.44781 1.26150 

C 10.85485 -3.64061 11.13560 

H 11.84970 -4.03195 10.89743 

C 5.72518 5.37535 10.50123 

H 5.74743 6.06109 11.34752 

C 8.80953 -3.73856 12.43504 

H 8.19522 -4.21392 13.20724 

C 6.57732 4.21739 10.36149 

C 8.41595 5.90779 12.30618 

H 8.76560 6.16027 11.29986 

C 8.65283 6.77891 13.37737 

H 9.19083 7.71726 13.20536 

C 8.91310 -0.84034 1.58965 

H 9.26027 -1.18245 0.60843 

C 5.13398 3.10966 4.98324 

H 4.38562 3.70726 4.46467 

C 6.02987 2.22324 4.45045 

H 6.16811 1.94118 3.40782 

C 5.27643 4.27177 8.58142 

C 5.38330 3.15360 6.40640 

C 4.89695 5.39132 9.41183 

H 4.11377 6.10694 9.16396 

C 2.84987 6.76611 5.40124 

H 3.03984 7.54486 4.65483 

C 9.82789 -0.26300 2.47287 

H 10.87950 -0.15618 2.18243 

C 7.51851 5.24621 14.87604 

H 7.15639 4.98843 15.87710 

C 7.28299 4.37279 13.80637 

H 6.73026 3.44150 13.96703 

C 8.40598 0.39449 10.78172 

C 8.32324 -2.61483 11.75455 
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H 7.33345 -2.21118 11.99175 

O 8.76773 2.91811 8.07147 

O 9.32343 2.72454 6.95187 

H 11.21020 1.05948 4.26180 

H 9.96905 1.26275 5.42639 

 

 

CoTPPNH2-(O22–) 

Co 7.27645 1.81995 8.42937 

N 6.48936 2.12836 6.65175 

N 7.93144 0.05182 7.88959 

N 7.88418 1.44513 10.27322 

N 6.41231 3.47078 9.05573 

C 2.58666 4.89026 7.43279 

H 2.52096 4.29499 8.34972 

C 9.99103 -2.98288 10.49226 

H 10.59089 -2.70193 9.62156 

C 4.90655 3.97433 7.13512 

C 7.62076 3.72081 11.21496 

C 7.71217 0.35760 5.43380 

C 3.78392 4.81520 6.67085 

C 1.50632 5.68173 7.03246 

H 0.59459 5.70013 7.64374 

C 8.67179 -2.14451 7.83380 

H 8.94831 -3.13570 8.19253 

C 8.33749 -1.01602 8.67133 

C 9.62574 -4.45269 12.40428 

H 9.90655 -5.33250 12.99612 

C 6.88848 1.48593 5.48320 

C 8.08579 -0.37018 6.57374 

C 7.93851 4.66284 12.32005 

C 9.60941 0.24979 3.82344 

N 10.35715 0.91103 4.75714 

C 8.88518 -2.16439 10.84888 

C 8.10932 2.40562 11.25732 

C 8.56814 -1.72015 6.52666 

H 8.74535 -2.28223 5.60849 

C 8.24908 -0.09575 4.11696 

C 7.50039 -0.81068 3.17518 

H 6.46493 -1.06301 3.43080 

C 8.93579 0.47809 12.09719 

H 9.42796 -0.28643 12.69929 

C 8.81137 1.81951 12.37045 

H 9.15959 2.35932 13.25162 

C 8.48343 -0.96767 10.08272 

C 3.83619 5.60318 5.48968 

H 4.76215 5.61424 4.90700 

C 1.57273 6.43783 5.84712 

H 0.72416 7.05543 5.52829 

C 8.53691 6.52020 14.38782 

H 8.76900 7.23613 15.18605 

C 8.04037 -1.19803 1.93413 

H 7.43381 -1.75744 1.21231 

C 10.34895 -4.10277 11.25030 

H 11.21784 -4.70177 10.94728 

C 5.93548 5.35746 10.32192 

H 5.97908 6.07093 11.14610 

C 8.53774 -3.64643 12.78665 

H 7.95556 -3.90067 13.68212 

C 6.74530 4.17451 10.20880 

C 8.57320 5.89419 12.03582 

H 8.83613 6.11269 10.99586 

C 8.86838 6.81021 13.05376 
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H 9.36915 7.75446 12.80587 

C 9.36768 -0.85112 1.64145 

H 9.81244 -1.13648 0.67869 

C 5.29875 2.94891 4.83971 

H 4.55037 3.51249 4.28322 

C 6.18827 2.02272 4.34722 

H 6.31878 1.68518 3.31848 

C 5.40825 4.19840 8.44563 

C 5.53278 3.04846 6.26444 

C 5.08740 5.36284 9.23636 

H 4.34581 6.11634 8.96906 

C 2.75241 6.39077 5.08490 

H 2.83702 6.99259 4.17043 

C 10.14185 -0.14023 2.56598 

H 11.17948 0.12638 2.32466 

C 7.89982 5.30579 14.68633 

H 7.62055 5.07329 15.72187 

C 7.60016 4.39230 13.66593 

H 7.08086 3.45702 13.89741 

C 8.36877 0.25917 10.78466 

C 8.17692 -2.53046 12.02617 

H 7.32016 -1.91683 12.32420 

O 9.03586 2.82997 7.99674 

O 9.72677 2.59771 6.91420 

H 11.22452 1.34020 4.44874 

H 9.90104 1.36700 5.57711 

 

 

CoTPPNH2-(OOH–) 

Co 7.15226 1.77900 8.34806 

N 6.17386 1.99131 6.67945 

N 7.69863 -0.00694 7.83987 

N 7.88743 1.47005 10.12895 

N 6.40535 3.48534 8.94770 

C 2.31848 4.68285 7.54267 

H 2.25606 4.01737 8.41000 

C 9.99679 -2.85104 10.46693 

H 10.62034 -2.48594 9.64493 

C 4.66994 3.86249 7.20841 

C 7.74935 3.77741 11.01156 

C 7.49991 0.35667 5.40992 

C 3.51498 4.71119 6.79513 

C 1.22659 5.48445 7.18536 

H 0.30523 5.44352 7.77781 

C 8.47193 -2.19145 7.77763 

H 8.77993 -3.17444 8.13367 

C 8.12230 -1.06901 8.62117 

C 9.61159 -4.41667 12.28808 

H 9.92506 -5.28839 12.87372 

C 6.55886 1.39089 5.50188 

C 7.86900 -0.40280 6.53597 

C 8.13911 4.73961 12.08084 

C 9.50117 0.68833 4.01617 

N 10.03772 1.38479 5.06025 

C 8.80175 -2.16565 10.77196 

C 8.17692 2.43918 11.07469 

C 8.37997 -1.75016 6.47851 

H 8.58294 -2.29236 5.55442 

C 8.19725 0.09428 4.12359 

C 7.66767 -0.64241 3.05792 

H 6.67088 -1.08223 3.17995 

C 8.92045 0.49692 11.96754 

H 9.36624 -0.27766 12.59189 



 

154 

C 8.87061 1.84698 12.19868 

H 9.25590 2.39493 13.05797 

C 8.36402 -0.96701 10.00087 

C 3.58787 5.57622 5.68322 

H 4.52087 5.62664 5.11307 

C 1.30890 6.33248 6.07100 

H 0.45515 6.95949 5.78976 

C 8.85171 6.62885 14.06928 

H 9.12837 7.35860 14.83874 

C 8.38172 -0.82534 1.86166 

H 7.95315 -1.40777 1.03910 

C 10.39546 -3.96655 11.21537 

H 11.33045 -4.48115 10.96553 

C 6.01451 5.40860 10.18656 

H 6.13369 6.15298 10.97402 

C 8.42643 -3.73850 12.60869 

H 7.80670 -4.08089 13.44553 

C 6.82015 4.21772 10.04911 

C 8.84076 5.91740 11.74441 

H 9.11075 6.08573 10.69673 

C 9.19370 6.85137 12.72700 

H 9.74387 7.75606 12.44364 

C 9.65436 -0.24342 1.74682 

H 10.23153 -0.36688 0.82192 

C 4.83776 2.74272 4.93895 

H 4.03795 3.27681 4.42589 

C 5.76381 1.88508 4.40036 

H 5.87350 1.56131 3.36509 

C 5.32072 4.17772 8.41667 

C 5.15732 2.86766 6.34700 

C 5.06594 5.36579 9.19374 

H 4.27676 6.08845 8.98485 

C 2.49446 6.37544 5.32277 

H 2.57312 7.04408 4.45779 

C 10.20530 0.49767 2.79565 

H 11.20014 0.94732 2.68532 

C 8.14718 5.46683 14.41745 

H 7.86210 5.28994 15.46114 

C 7.79152 4.53491 13.43359 

H 7.22047 3.64068 13.70308 

C 8.32807 0.27065 10.66829 

C 8.02685 -2.62501 11.85839 

H 7.10049 -2.09551 12.10406 

O 8.81979 2.46216 7.39675 

O 8.52496 3.76178 6.78927 

H 7.87314 4.09686 7.44313 

H 10.88251 1.91889 4.87938 

H 9.48232 1.69395 5.89780 

 

 

CoTPPNMe3+ 

Co 7.28434 2.02228 8.71127 

N 6.66921 2.42002 6.88216 

N 8.13951 0.36704 8.07337 

N 7.91159 1.62974 10.52825 

N 6.40970 3.66232 9.35406 

C 3.80664 6.22380 6.64514 

H 3.16346 5.58935 7.26370 

C 11.78578 -1.18970 10.16262 

H 12.06203 -0.45862 9.39537 

C 5.75180 4.70699 7.19923 

C 6.67426 3.36711 11.80292 

C 7.27825 0.30307 5.75991 
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C 5.17252 5.90236 6.51324 

C 3.27162 7.33473 5.97991 

H 2.20774 7.57050 6.08657 

C 9.39865 -1.59016 7.95634 

H 10.06347 -2.38757 8.28640 

C 9.02575 -0.45171 8.76215 

C 12.39101 -3.00591 11.65801 

H 13.14004 -3.69981 12.05298 

C 6.67638 1.56526 5.78954 

C 7.96244 -0.25028 6.84396 

C 6.32798 3.86645 13.16738 

C 8.14011 -0.22089 3.37036 

N 9.31815 0.76117 3.38683 

C 10.46124 -1.21509 10.64432 

C 7.54971 2.27772 11.69948 

C 8.72293 -1.47550 6.76968 

H 8.72278 -2.16156 5.92160 

C 7.26741 -0.43794 4.46153 

C 6.25029 -1.40396 4.28897 

H 5.58178 -1.57911 5.13696 

C 9.14219 0.80747 12.33091 

H 9.88361 0.21731 12.86724 

C 8.29742 1.76105 12.82322 

H 8.20403 2.12427 13.84570 

C 9.44265 -0.27440 10.08822 

C 5.98861 6.71218 5.69843 

H 7.05173 6.46931 5.59661 

C 4.09289 8.13851 5.17600 

H 3.67379 9.00760 4.65874 

C 5.68016 4.76079 15.76125 

H 5.42826 5.10877 16.76820 

C 6.06808 -2.09909 3.09232 

H 5.26394 -2.83512 3.00063 

C 12.74446 -2.07714 10.66870 

H 13.77246 -2.03975 10.29326 

C 5.46690 5.28756 10.73483 

H 5.14918 5.77574 11.65461 

C 11.07424 -3.04326 12.13912 

H 10.79027 -3.77165 12.90566 

C 6.18844 4.03673 10.67300 

C 6.78957 5.11586 13.62856 

H 7.41732 5.73136 12.97586 

C 6.46747 5.55831 14.91812 

H 6.83846 6.52727 15.26781 

C 6.90931 -1.82553 2.00791 

H 6.77532 -2.33486 1.04927 

C 5.72662 3.46799 5.02661 

H 5.22471 4.24293 4.44822 

C 6.06956 2.19729 4.64121 

H 5.88626 1.71003 3.68244 

C 5.85822 4.68810 8.59468 

C 6.08555 3.59310 6.41822 

C 5.30904 5.71678 9.44814 

H 4.83928 6.63254 9.09278 

C 5.45240 7.82483 5.03674 

H 6.09949 8.45201 4.41454 

C 7.93792 -0.89089 2.15001 

H 8.57577 -0.69528 1.28507 

C 5.22032 3.51458 15.31215 

H 4.60446 2.88786 15.96543 

C 5.54499 3.06742 14.02505 

H 5.18526 2.09557 13.67139 

C 8.86968 0.69874 10.91579 
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C 10.11519 -2.15398 11.63732 

H 9.08421 -2.19145 12.00383 

C 8.94356 1.98214 2.56498 

C 9.76899 1.25306 4.75547 

C 10.54238 0.08988 2.78388 

H 10.36011 -0.15598 1.73254 

H 10.74758 -0.82111 3.36212 

H 11.38101 0.79565 2.85947 

H 8.09110 2.46658 3.06248 

H 8.66723 1.65743 1.55340 

H 9.81242 2.65590 2.53285 

H 8.98558 1.87254 5.20230 

H 10.67754 1.84633 4.58034 

H 9.98420 0.38552 5.39172 

 

 

CoTPPNMe3+-O2 
Co 7.29766 1.99817 8.52856 

N 6.49713 2.29265 6.76240 

N 8.00626 0.27232 7.92006 

N 7.84164 1.56239 10.36226 

N 6.33382 3.55645 9.20852 

C 2.48343 4.83718 7.29258 

H 2.29669 4.08198 8.06306 

C 10.40290 -2.49906 10.55755 

H 11.06606 -1.96992 9.86525 

C 4.88625 4.10617 7.26702 

C 7.43629 3.76225 11.42082 

C 7.81216 0.63895 5.48598 

C 3.78211 4.97525 6.76201 

C 1.43900 5.64902 6.83202 

H 0.43318 5.52655 7.24673 

C 8.90475 -1.86942 7.82841 

H 9.25713 -2.83782 8.18036 

C 8.46623 -0.79181 8.68467 

C 10.01514 -4.30212 12.13910 

H 10.36983 -5.19369 12.66609 

C 6.89685 1.69606 5.58121 

C 8.21163 -0.10341 6.60598 

C 7.66147 4.65072 12.59780 

C 9.25228 0.44521 3.31929 

N 10.28207 1.46301 3.79552 

C 9.10076 -2.00635 10.78038 

C 7.96637 2.46424 11.40894 

C 8.79624 -1.42213 6.53829 

H 9.02914 -1.95791 5.61768 

C 8.13825 0.09987 4.12348 

C 7.23477 -0.85003 3.59945 

H 6.37387 -1.11745 4.21943 

C 8.83425 0.53311 12.19454 

H 9.29819 -0.25560 12.78544 

C 8.62021 1.84023 12.53560 

H 8.86518 2.34371 13.46940 

C 8.60326 -0.78661 10.07823 

C 4.01572 5.95048 5.77134 

H 5.02772 6.08057 5.37374 

C 1.67926 6.61298 5.84234 

H 0.86281 7.24877 5.48512 

C 8.06799 6.37454 14.79071 

H 8.22610 7.04344 15.64277 

C 7.40890 -1.43954 2.34478 

H 6.68444 -2.17187 1.97641 

C 10.85607 -3.63916 11.23363 
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H 11.87268 -4.00634 11.05864 

C 5.74825 5.38540 10.51769 

H 5.75002 6.06274 11.37067 

C 8.72064 -3.81576 12.37172 

H 8.05953 -4.32937 13.07727 

C 6.59009 4.21734 10.39786 

C 8.36962 5.85901 12.43599 

H 8.76638 6.11886 11.44911 

C 8.57523 6.71199 13.52768 

H 9.13490 7.64307 13.39137 

C 8.51603 -1.08216 1.57070 

H 8.67874 -1.52650 0.58449 

C 5.24062 3.10839 4.98551 

H 4.46728 3.66974 4.46323 

C 6.14454 2.22026 4.46555 

H 6.25122 1.89633 3.42995 

C 5.34973 4.30082 8.57661 

C 5.49782 3.18770 6.40455 

C 4.95795 5.41996 9.40201 

H 4.19082 6.14535 9.13416 

C 2.97003 6.76382 5.31558 

H 3.16601 7.52369 4.55193 

C 9.43287 -0.14334 2.05739 

H 10.28334 0.11147 1.42614 

C 7.35250 5.18009 14.95818 

H 6.94265 4.91808 15.93905 

C 7.15045 4.32162 13.87011 

H 6.57450 3.39916 13.99675 

C 8.37977 0.37574 10.83249 

C 8.26676 -2.67285 11.70116 

H 7.25517 -2.29394 11.87968 

C 9.62080 2.81562 4.02691 

C 10.94705 0.98419 5.07968 

C 11.38727 1.68397 2.78821 

H 10.95949 2.07174 1.85469 

H 11.92059 0.73992 2.61718 

H 12.07045 2.42580 3.22253 

H 8.93416 2.73233 4.87633 

H 9.09027 3.09122 3.10568 

H 10.41525 3.53866 4.25904 

H 10.20310 0.98360 5.88370 

H 11.75411 1.69065 5.31930 

H 11.34299 -0.02360 4.89654 

O 8.83225 2.98120 8.22418 

O 9.44535 2.79661 7.12755 

 

 

CoTPPNMe3+-(O22–) 

Co 7.29983 1.73289 8.50423 

N 6.51816 1.99193 6.72624 

N 7.90481 -0.08360 7.96331 

N 7.82829 1.36450 10.35409 

N 6.50780 3.42002 9.07325 

C 2.72739 4.96080 7.31065 

H 2.57084 4.39718 8.23605 

C 10.08224 -2.83786 10.79839 

H 10.77909 -2.38148 10.08829 

C 5.00467 3.89529 7.15288 

C 7.65570 3.66329 11.25582 

C 7.83217 0.25492 5.52598 

C 3.94778 4.79860 6.61922 

C 1.73137 5.81904 6.82606 

H 0.79017 5.92526 7.37818 
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C 8.74342 -2.24948 8.00098 

H 9.07087 -3.21187 8.39425 

C 8.28815 -1.13701 8.79178 

C 9.57599 -4.53163 12.46841 

H 9.87409 -5.41127 13.05067 

C 6.84161 1.27316 5.60267 

C 8.15570 -0.51016 6.67756 

C 7.99840 4.61208 12.34728 

C 9.11244 0.89614 3.40943 

N 9.71450 2.14293 4.05414 

C 8.80538 -2.26063 10.96116 

C 8.01822 2.30269 11.35323 

C 8.72671 -1.83333 6.68662 

H 9.03895 -2.39664 5.80707 

C 8.36681 -0.05320 4.19470 

C 8.09226 -1.29659 3.56357 

H 7.53220 -2.03295 4.14778 

C 8.68342 0.33428 12.25515 

H 9.07337 -0.45656 12.89651 

C 8.58788 1.67735 12.52505 

H 8.88252 2.19883 13.43512 

C 8.38960 -1.05301 10.18872 

C 4.13735 5.53113 5.42714 

H 5.08874 5.43044 4.89538 

C 1.93189 6.53467 5.63631 

H 1.15273 7.20539 5.25596 

C 8.64787 6.48845 14.37940 

H 8.89982 7.21103 15.16428 

C 8.40877 -1.55955 2.23373 

H 8.12695 -2.51806 1.78366 

C 10.46288 -3.96352 11.54167 

H 11.46193 -4.39357 11.40360 

C 6.15386 5.40495 10.22133 

H 6.24847 6.15627 11.00541 

C 8.30710 -3.96140 12.64809 

H 7.60702 -4.39671 13.37080 

C 6.86180 4.14225 10.19372 

C 8.74483 5.77729 12.05543 

H 9.07656 5.93804 11.02434 

C 9.06391 6.70312 13.05612 

H 9.64918 7.59530 12.80316 

C 9.03598 -0.56473 1.45479 

H 9.25387 -0.72794 0.39453 

C 5.09853 2.58072 4.98739 

H 4.27262 3.05986 4.46089 

C 5.96982 1.61789 4.51170 

H 5.98731 1.14470 3.52811 

C 5.56837 4.19569 8.40167 

C 5.47855 2.84225 6.34854 

C 5.33617 5.42648 9.12092 

H 4.65034 6.21347 8.80628 

C 3.14129 6.38742 4.93994 

H 3.31436 6.95258 4.01636 

C 9.39554 0.64721 2.05742 

H 9.91310 1.38457 1.44054 

C 7.90104 5.34042 14.68528 

H 7.55566 5.16863 15.71187 

C 7.57684 4.41785 13.68230 

H 6.96900 3.53937 13.92104 

C 8.23712 0.14960 10.89660 

C 7.92714 -2.83718 11.90220 

H 6.93735 -2.38946 12.03857 

C 8.69022 3.24723 4.34152 
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C 10.43781 1.77725 5.35024 

C 10.76015 2.76685 3.16879 

H 10.28194 3.20292 2.28131 

H 11.49435 2.00309 2.87866 

H 11.24402 3.55829 3.75706 

H 8.23242 3.07859 5.32531 

H 7.94775 3.23610 3.53380 

H 9.24425 4.19668 4.37555 

H 9.73962 1.24831 6.00902 

H 10.71385 2.71891 5.84840 

H 11.29526 1.14669 5.07526 

O 9.09327 2.49208 7.96844 

O 9.12137 3.60284 7.26532 

 

 

CoTPPNMe3+-(OOH–) 

Co 7.21868 1.84969 8.40685 

N 6.32028 2.10420 6.69003 

N 7.85702 0.09330 7.85158 

N 7.88524 1.49656 10.20244 

N 6.39691 3.51103 9.02750 

C 2.37837 4.70919 7.39893 

H 2.25944 4.00192 8.22625 

C 10.17092 -2.72853 10.50361 

H 10.82915 -2.29133 9.74591 

C 4.76462 3.94426 7.20642 

C 7.64286 3.76645 11.15451 

C 7.66917 0.48212 5.43374 

C 3.62706 4.79664 6.74994 

C 1.30217 5.50764 6.99044 

H 0.33746 5.42254 7.50248 

C 8.68365 -2.07370 7.77721 

H 9.00976 -3.05187 8.12910 

C 8.28841 -0.97357 8.62543 

C 9.74523 -4.40505 12.21143 

H 10.06326 -5.29016 12.77286 

C 6.71049 1.50253 5.51642 

C 8.04036 -0.29254 6.54537 

C 7.97610 4.70480 12.26602 

C 9.40097 0.59888 3.55069 

N 10.21086 1.64860 4.29667 

C 8.92405 -2.12186 10.76026 

C 8.10427 2.44141 11.19074 

C 8.58697 -1.62740 6.47948 

H 8.79493 -2.17775 5.56056 

C 8.19596 0.08970 4.09654 

C 7.48163 -0.85634 3.33273 

H 6.55312 -1.24479 3.76161 

C 8.88313 0.50087 12.05250 

H 9.32647 -0.28076 12.66908 

C 8.77035 1.83653 12.32591 

H 9.09225 2.37053 13.21899 

C 8.47427 -0.90969 10.01529 

C 3.77328 5.71303 5.68863 

H 4.74665 5.80467 5.19572 

C 1.45700 6.40978 5.92790 

H 0.61583 7.03450 5.60859 

C 8.58869 6.53822 14.32746 

H 8.82647 7.24827 15.12691 

C 7.92657 -1.29654 2.08277 

H 7.34644 -2.03384 1.51899 

C 10.57683 -3.86102 11.22188 

H 11.55184 -4.31549 11.01405 
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C 5.92926 5.40015 10.29755 

H 6.00636 6.12122 11.11096 

C 8.50670 -3.80537 12.48185 

H 7.85110 -4.22309 13.25375 

C 6.74733 4.21578 10.16827 

C 8.72176 5.87054 11.99481 

H 9.06471 6.05234 10.97093 

C 9.02724 6.77825 13.01713 

H 9.61289 7.67582 12.78994 

C 9.12143 -0.78770 1.56691 

H 9.49714 -1.11752 0.59345 

C 5.00191 2.86088 4.93498 

H 4.20646 3.39576 4.41678 

C 5.92560 1.99459 4.40492 

H 6.02305 1.66242 3.37031 

C 5.34616 4.22165 8.45582 

C 5.29802 2.97423 6.34610 

C 5.04044 5.38576 9.25330 

H 4.25879 6.10885 9.02087 

C 2.69647 6.51125 5.27990 

H 2.82859 7.22211 4.45674 

C 9.85384 0.15694 2.29710 

H 10.77924 0.53038 1.85971 

C 7.83913 5.38644 14.60759 

H 7.48220 5.19797 15.62610 

C 7.53350 4.47821 13.58549 

H 6.93119 3.58949 13.79990 

C 8.35677 0.29996 10.71905 

C 8.10078 -2.67300 11.76412 

H 7.13298 -2.20477 11.97108 

C 9.41089 2.94517 4.41457 

C 10.61020 1.18120 5.71294 

C 11.48261 1.99246 3.56608 

H 11.24263 2.39671 2.57347 

H 12.11241 1.09602 3.48529 

H 11.99335 2.76015 4.16140 

H 8.56169 2.79024 5.08864 

H 9.09533 3.23587 3.40264 

H 10.06846 3.69631 4.87149 

H 9.87427 1.59111 6.44639 

H 11.60216 1.60926 5.91680 

H 10.65107 0.08446 5.71390 

O 8.91710 2.67792 7.68717 

O 8.61733 3.96462 7.03905 

H 7.91603 4.28702 7.64552 
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Table S3. Summary of calculated single point energies and thermochemical corrections 

 

Compound Egas Ewater G-Eel Ewater-Egas Gtot 

O2 -150.4075087 -150.407724 -0.01632794 -0.000215332 -150.4240519 

H2O2 -151.6341806 -151.6453503 0.00307488 -0.011169654 -151.6422754 

H2O -76.47750863 -76.46716107 0.002398 0.010347553 -76.46476307 

CoTPP -3296.720368 -3296.737796 0.52673263 0.01742795 -3296.176207 

CoTPP-O2 -3447.151143 -3447.171004 0.52932593 0.019861602 -3446.601955 

CoTPP-(O2
2–) -3447.16638 -3447.391633 0.52103448 0.225252964 -3446.420093 

CoTPP-(OOH–) -3447.825043 -3447.914269 0.53680438 0.089226025 -3447.199013 

CoTPPNH2 -3352.113087 -3352.134564 0.54162016 0.021476679 -3351.549991 

CoTPPNH2-O2 -3502.54828 -3502.570324 0.54559915 0.022043804 -3501.980637 

CoTPPNH2-(O2
2–) -3502.573446 -3502.794096 0.53696693 0.220650524 -3501.815828 

CoTPPNH2-(OOH–) -3503.227772 -3503.312129 0.55317208 0.084357598 -3502.590242 

CoTPPNMe3
+ -3470.484528 -3470.559808 0.63542744 0.075279476 -3469.773821 

CoTPPNMe3
+(O2) -3620.925053 -3620.948942 0.64035666 0.023889738 -3620.260806 

CoTPPNMe3
+-(O2

2–) -3621.121584 -3621.221797 0.63296616 0.100212882 -3620.388405 

CoTPPNMe3
+-(OOH–) -3621.696937 -3621.7424 0.64807988 0.045463131 -3621.003394 

 

 

 
Figure A37. Cyclic voltammograms (CVs) for CoTPPNMe3

+
 in different pH 

electrolytes Panel A: pH 0; Panel B: pH 4; Panel C: pH 7. All CVs were recorded at 
a scan rate of 100 mV s−1 with the 3-electrode configuration. (deposited from a 0.5 
mM CoTPPNMe3

+ solution). 
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Figure A38. Absorption spectrum for TPPNH.2 ligand (λmax: 416 nm, 512 nm, 546 nm, 
587 nm, and 644 nm) and absorption spectrum for CoTPPNH2 (λmax: 412 nm, 521 nm) 
in CH2Cl2. 
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Figure A39. Absorption spectrum for TPPNMe2 ligand (λmax: 416 nm, 512 nm, 546 
nm, 587 nm, and 644 nm) and absorption spectrum for CoTPPNMe2 (λmax: 412 nm, 
521 nm) in CH2Cl2, the concentration for CoTPPNMe2 was 0.25 mM. 

 
Figure A40. Absorption spectrum for CoTPPNMe3

+ (λmax: 412 nm, 521 nm) in CH2Cl2, 
the concentration for CoTPPNMe3

+ was 0.5 mM. 
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Appendix B.   

 

Supporting information for Chapter 3 

 
Figure B1. Cyclic voltammograms (CVs) for bare electrode in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 MeCN solution. Working electrode: basal plane 
graphite; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1.  

 
Figure B2. Cyclic voltammograms (CVs) for CoTPP in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 MeCN solution. Working electrode: basal plane 
graphite; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1.  
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Figure B3. Cyclic voltammograms (CVs) for CoTPPNH2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 MeCN solution. Working electrode: basal plane 
graphite; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1.  

 
Figure B4. Cyclic voltammograms (CVs) for CoTPPNMe2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 MeCN solution. Working electrode: basal plane 
graphite; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1.  
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Figure B5. Cyclic voltammograms (CVs) for CoTPPOH in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 MeCN solution. Working electrode: basal plane 
graphite; counter electrode: basal plane graphite; Reference electrode: Ag/AgNO3. 
Ferrocene was used as an external standard. All CVs were recorded at a scan rate 
of 100 mV s−1.  

 
Figure B6. Cyclic voltammograms (CVs) for CoTPP in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 + 1 M H2O MeCN solution. Working electrode: basal 
plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B7. Cyclic voltammograms (CVs) for CoTPPNH2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 1 M H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  

 
Figure B8. Cyclic voltammograms (CVs) for CoTPPNMe2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 1 M H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B9. Cyclic voltammograms (CVs) for CoTPPNMe3

+ in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 1 M H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  

 
Figure B10. Cyclic voltammograms (CVs) for CoTPPOH in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 1 M H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B11. Cyclic voltammograms (CVs) for CoTPP in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 + 100 mM H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  

 
Figure B12. Cyclic voltammograms (CVs) for CoTPPNH2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 m M H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B13. Cyclic voltammograms (CVs) for CoTPPNMe2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  

 
Figure B14 Cyclic voltammograms (CVs) for CoTPPNMe3

+ in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B15. Cyclic voltammograms (CVs) for CoTPPOH in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM H2O MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  

 
Figure B16. Cyclic voltammograms (CVs) for CoTPP in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B17. Cyclic voltammograms (CVs) for CoTPPNH2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  

 
Figure B18. Cyclic voltammograms (CVs) for CoTPPNMe2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  
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Figure B19. Cyclic voltammograms (CVs) for CoTPPOH in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  

 
Figure B20. Cyclic voltammograms (CVs) for CoTPPH in Ar-sparged (blue) and CO2-
saturated (red) 0.1 M TBAPF6 + 10 mM PhOH MeCN solution. Working electrode: 
basal plane graphite; counter electrode: basal plane graphite; Reference electrode: 
Ag/AgNO3. Ferrocene was used as an external standard. All CVs were recorded at 
a scan rate of 100 mV s−1.  
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Figure B21. Cyclic voltammograms (CVs) for CoTPPNH2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 10 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  

 
Figure B22. Cyclic voltammograms (CVs) for CoTPPNMe2 in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 10 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  
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Figure B23. Cyclic voltammograms (CVs) for CoTPPNMe3

+ in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 10 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  

 
Figure B24. Cyclic voltammograms (CVs) for CoTPPOH in Ar-sparged (blue) and 
CO2-saturated (red) 0.1 M TBAPF6 + 10 mM PhOH MeCN solution. Working 
electrode: basal plane graphite; counter electrode: basal plane graphite; Reference 
electrode: Ag/AgNO3. Ferrocene was used as an external standard. All CVs were 
recorded at a scan rate of 100 mV s−1.  
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Figure B25. Foot-of-the-wave analyses for CoTPPNMe3
+ in CO2-saturated 0.1 M 

TBAPF6 MeCN solution. 𝒌𝒐𝒃𝒔 =  𝑻𝑶𝑭𝒎𝒂𝒙 calculated from the slope are given in the 
graph for corresponding analyses.  

 
Figure B26. Foot-of-the-wave analyses for CoTPPNMe3

+ in CO2-saturated 0.1 M 
TBAPF6 + 1 M H2O MeCN solution. 𝒌𝒐𝒃𝒔 =  𝑻𝑶𝑭𝒎𝒂𝒙 calculated from the slope are 
given in the graph for corresponding analyses.  
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Figure B27. Foot-of-the-wave analyses for CoTPPNMe3

+ in CO2-saturated 0.1 M 
TBAPF6 + 100 mM PhOH MeCN solution. 𝒌𝒐𝒃𝒔 =  𝑻𝑶𝑭𝒎𝒂𝒙 calculated from the slope 
are given in the graph for corresponding analyses.  

 
Figure B28. Controlled potential electrolysis (CPE) traces for CoTPPH in CO2-
saturated 0.1 M TBAPF6 MeCN solution. Applied potential = -1.5 V vs. Cp2Fe+/0. 
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Figure B29. Controlled potential electrolysis (CPE) traces for CoTPPNH2 in CO2-
saturated 0.1 M TBAPF6 MeCN solution. Applied potential = -1.5 V vs. Cp2Fe+/0. 

 
Figure B30. Controlled potential electrolysis (CPE) traces for CoTPPNMe2 in CO2-
saturated 0.1 M TBAPF6 MeCN solution. Applied potential = -1.5 V vs. Cp2Fe+/0. 
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Figure B31. Controlled potential electrolysis (CPE) traces for CoTPPNMe3

+ in CO2-
saturated 0.1 M TBAPF6 MeCN solution. Applied potential = -1.5 V vs. Cp2Fe+/0. 

 
Figure B32. Controlled potential electrolysis (CPE) traces for CoTPPOH in CO2-
saturated 0.1 M TBAPF6 MeCN solution. Applied potential = -1.5 V vs. Cp2Fe+/0. 
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Figure B33. Controlled potential electrolysis (CPE) traces for CoTPPH in CO2-
saturated 0.1 M TBAPF6 + 1 M H2O MeCN solution. Applied potential = -1.5 V vs. 
Cp2Fe+/0. 

 
Figure B34. Controlled potential electrolysis (CPE) traces for CoTPPNH2 in CO2-
saturated 0.1 M TBAPF6 + 1 M H2O MeCN solution. Applied potential = –1.5 V vs. 
Cp2Fe+/0. 
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Figure B35. Controlled potential electrolysis (CPE) traces for CoTPPNMe2 in CO2-
saturated 0.1 M TBAPF6 + 1 M H2O MeCN solution. Applied potential = –1.5 V vs. 
Cp2Fe+/0. 

 
Figure B36. Controlled potential electrolysis (CPE) traces for CoTPPNMe3

+ in CO2-
saturated 0.1 M TBAPF6 + 1 M H2O MeCN solution. Applied potential = –1.5 V vs. 
Cp2Fe+/0. 
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Figure B37. Controlled potential electrolysis (CPE) traces for CoTPPOH in CO2-
saturated 0.1 M TBAPF6 + 1 M H2O MeCN solution. Applied potential = -1.5 V vs. 
Cp2Fe+/0. 

 
Figure B38. Controlled potential electrolysis (CPE) traces for CoTPPH in CO2-
saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Applied potential = –1.5 V 
vs. Cp2Fe+/0. 
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Figure B39. Controlled potential electrolysis (CPE) traces for CoTPPNH2 in CO2-
saturated 0.1 M TBAPF6 + 100 mM PhOH solution. Applied potential = –1.5 V vs. 
Cp2Fe+/0. 

  
Figure B40. Controlled potential electrolysis (CPE) traces for CoTPPNMe2 in CO2-
saturated 0.1 M TBAPF6 + 100 mM PhOH solution. Applied potential = –1.5 V vs. 
Cp2Fe+/0. 



 

184 

 
Figure B41. Controlled potential electrolysis (CPE) traces for CoTPPNMe3

+ in CO2-
saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Applied potential = –1.5 V 
vs. Cp2Fe+/0. 

 
Figure B42. Controlled potential electrolysis (CPE) traces for CoTPPOH in CO2-
saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN solution. Applied potential = –1.5 V 
vs. Cp2Fe+/0. 
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Faradaic efficiency for CO (FE(CO)): 

𝐹𝐸 (𝐶𝑂)% =
2 × 𝐹 × 𝑛𝐶𝑂

𝐼 × 𝑡
 

F is Faraday constant; 𝑛𝐶𝑂 is the mole of CO calculated from GC; 𝐼 × 𝑡 is Qtheo from 

Controlled potential electrolysis (CPE).  

 

Table B1. Summary of FE (CO) for different cobalt porphyrins in different solutions.  

 FE (CO) % 

 0.1 M nBu4NPF6 
MeCN 

0.1M nBu4NPF6 

MeCN+1M H2O 
0.1M nBu4NPF6 

MeCN +100 mM 
PhOH 

CoTPPH 80 79 43 

CoTPPNH2 56 75 19 

CoTPPNMe2 70 70 47 

CoTPPNMe3
+ 42 51 31 

CoTPPOH 61 34 33 

 

 

 

 

Figure B43. The Tafel plots for CoTPPH, left (black) in CO2-saturated 0.1 M TBAPF6 

MeCN solution, middle (blue) in CO2-saturated 0.1 M TBAPF6 + 1 M H2O MeCN 
solution and right (red) in CO2-saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN 
solution. 
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Figure B44. The Tafel plots for CoTPPNH2, left (black) in CO2-saturated 0.1 M 
TBAPF6 MeCN solution, middle (blue) in CO2-saturated 0.1 M TBAPF6 + 1 M H2O 
MeCN solution and right (red) in CO2-saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN 
solution. 

 

 

 

 

 

 
Figure B45. The Tafel plots for CoTPPNMe2, left (black) in CO2-saturated 0.1 M 
TBAPF6 MeCN solution, middle (blue) in CO2-saturated 0.1 M TBAPF6 + 1 M H2O 
MeCN solution and right (red) in CO2-saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN 
solution. 
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Figure B46. The Tafel plots for CoTPPNMe3

+, left (black) in CO2-saturated 0.1 M 
TBAPF6 MeCN solution, middle (blue) in CO2-saturated 0.1 M TBAPF6 + 1 M H2O 
MeCN solution and right (red) in CO2-saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN 
solution. 

 

 

 

 

 

 
Figure B47. The Tafel plots for CoTPPOH, left (black) in CO2-saturated 0.1 M TBAPF6 

MeCN solution, middle (blue) in CO2-saturated 0.1 M TBAPF6 + 1 M H2O MeCN 
solution and right (red) in CO2-saturated 0.1 M TBAPF6 + 100 mM PhOH MeCN 
solution. 
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Figure B48. Absorption spectrum for TPPOH ligand (blue) and absorption spectrum 
for CoTPPOH (red) in CH2Cl2. 

 

 
Figure B49. MALDI-MS spectrum for CoTPPOH shows an intense peak at 687.06 m/z 
that correspond to [CoTPPOH+ (calcd. 687.67 m/z).  
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Figure B50. MALDI-MS spectrum for CoTPPOH shows an intense peak at 687.06 m/z 
that correspond to [CoTPPOH+] (calcd. 687.67 m/z).  
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Appendix C.   

 

Supporting information for Chapter 4 

 

Figure C1. Left: CV for bare BPG surface in Ar-saturated (blue) and CO2 saturated 
(red) 0.1 M KCl solution. Right: CV for bare BPG surface in Ar-saturated (blue) and 
CO2 saturated (red) 0.05 M K2CO3 solution. All the scans were recorded at 100 mV/s. 

 

Figure C2. Left: CV for CoTPPH in Ar-saturated (blue) and CO2 saturated (red) 0.1 M 
KCl solution. Right: CV for CoTPPH in Ar-saturated (blue) and CO2 saturated (red) 
0.05 M K2CO3 solution. All the scans were recorded at 100 mV/s. 
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Figure C3. Left: CV for CoTPPNH2 in Ar-saturated (blue) and CO2 saturated (red) 0.1 
M KCl solution. Right: CV for CoTPPNH2 in Ar-saturated (blue) and CO2 saturated 
(red) 0.05 M K2CO3 solution. All the scans were recorded at 100 mV/s.  

 

 

 

 

 

 

Figure C4. Left: CV for CoTPPNMe2 in Ar-saturated (blue) and CO2 saturated (red) 
0.1 M KCl solution. Right: CV for CoTPPNMe2 in Ar-saturated (blue) and CO2 
saturated (red) 0.05 M K2CO3 solution. All the scans were recorded at 100 mV/s.  
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Figure C5. Left: CV for CoTPPNMe3
+ in Ar-saturated (blue) and CO2 saturated (red) 

0.1 M KCl solution. Right: CV for CoTPPNMe3
+ in Ar-saturated (blue) and CO2 

saturated (red) 0.05 M K2CO3 solution. All the scans were recorded at 100 mV/s.  

 

 

 

Figure C6. Cyclic voltammogram for BPG surface coated with CoTPPH in Ar-
saturated 0.1 M KCl solution (pH 6.5) at different scan rate.  
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Figure C7. Linear fit of the anionic peak current (ipa) (blue) or cathodic peak current 
(𝒊𝒑𝒄) (red) vs. scan rate for BPG surface coated with CoTPPH in Ar-saturated 0.1 M 

KCl solution (pH 6.5).  

 

Figure C8. Cyclic voltammogram for BPG surface coated with CoTPPNH2 in Ar-
saturated 0.1 M KCl solution (pH 6.5) at different scan rate.  
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Figure C9. Linear fit of the anionic peak current (ipa) (blue) or cathodic peak current 
(𝒊𝒑𝒄) (red) vs. scan rate for BPG surface coated with CoTPPNH2 in Ar-saturated 0.1 

M KCl solution (pH 6.5).  

 

Figure C10. Cyclic voltammogram for BPG surface coated with CoTPPNMe2 in Ar-
saturated 0.1 M KCl solution (pH 6.5) at different scan rate.  
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Figure C11. Linear fit of the anionic peak current (ipa) (blue) or cathodic peak current 
(𝒊𝒑𝒄) (red) vs. scan rate for BPG surface coated with CoTPPNMe2 in Ar-saturated 0.1 

M KCl solution (pH 6.5).  

 

Figure C12. Cyclic voltammogram for BPG surface coated with CoTPPNMe3
+ in Ar-

saturated 0.1 M KCl solution (pH 6.5) at different scan rate.  

 



 

196 

 

Figure C13. Cyclic voltammogram for BPG surface coated with CoTPPH in CO2-
saturated 0.1 M KCl solution (pH 4) at different scan rate.  

 

 

Figure C14. Cyclic voltammogram for BPG surface coated with CoTPPNH2 in CO2-
saturated 0.1 M KCl solution (pH 4) at different scan rate.  
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Figure C15. Cyclic voltammogram for BPG surface coated with CoTPPNMe2 in CO2-
saturated 0.1 M KCl solution (pH 4) at different scan rate.  

 

 

Figure C16. Cyclic voltammogram for BPG surface coated with CoTPPNMe3
+ in CO2-

saturated 0.1 M KCl solution (pH 4) at different scan rate.  
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Figure C17. Top: linear sweep voltammograms obtained from RDE experiments 
under 1 atm CO2 in CO2-saturated 0.1 M KCl aqueous solution for CoTPPH 
immobilized onto rotating EPG disk electrode at different rotation rates (100−800 
rpm). Bottom: Koutecky−Levich (K−L) plot for CoTPPH using current density values 
at different applied potentials vs. NHE. 
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Figure C18. Top: linear sweep voltammograms obtained from RDE experiments 
under 1 atm CO2 in CO2-saturated 0.1 M KCl aqueous solution for CoTPPNH2 
immobilized onto rotating EPG disk electrode at different rotation rates (300−1000 
rpm). Bottom: Koutecky−Levich (K−L) plot for CoTPPNH2 using current density 
values at different applied potentials vs. NHE. 
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Figure C19. Top: linear sweep voltammograms obtained from RDE experiments 
under 1 atm CO2 in CO2-saturated 0.1 M KCl aqueous solution for CoTPPNMe2 
immobilized onto rotating EPG disk electrode at different rotations (100−800 rpm). 
Bottom: Koutecky−Levich (K−L) plot for CoTPPNMe2 using current density values 
at different applied potentials vs. NHE. 

 

 

 



 

201 

 

Figure C20. Foot-of-the-wave analyses for CoTPPH in CO2-saturated 0.1 M KCl 
solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph. 

 

 

Figure C21. Foot-of-the-wave analyses for CoTPPNH2 in CO2-saturated 0.1 M KCl 
solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph. 

 



 

202 

 

Figure C22. Foot-of-the-wave analyses for CoTPPNMe2 in CO2-saturated 0.1 M KCl 
solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph. 

 

 

Figure C23. Foot-of-the-wave analyses for CoTPPNMe3
+ in CO2-saturated 0.1 M KCl 

solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph.  
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Figure C24. Controlled potential electrolysis (CPE) traces for CoTPPH in CO2-
saturated 0.1 M KCl aqueous solution. Applied potential = –0.90 V vs. NHE. 

 
Figure C25. Controlled potential electrolysis (CPE) traces for CoTPPNH2 in CO2-
saturated 0.1 M KCl aqueous solution. Applied potential = –0.90 V vs. NHE. 
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Figure C26. Controlled potential electrolysis (CPE) traces for CoTPPNMe2 in CO2-
saturated 0.1 M KCl aqueous solution. Applied potential = –0.90 V vs. NHE. 

 
Figure C27. Controlled potential electrolysis (CPE) traces for CoTPPNMe3

+ in CO2-
saturated 0.1 M KCl aqueous solution. Applied potential = -0.90 V vs. NHE. 
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Faradaic efficiency for CO (FE(CO)): 

𝐹𝐸 (𝐶𝑂)% =
2 × 𝐹 × 𝑛𝐶𝑂

𝐼 × 𝑡
 

F is Faraday constant; 𝑛𝐶𝑂 is the mole of CO calculated from GC; 𝐼 × 𝑡 is Qtheo from 

Controlled potential electrolysis (CPE).  

 

Figure C28. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution before 
electrolysis. 20 µM of maleic acid was added as an internal standard. 

 

Figure C29. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution after 
electrolysis at –0.9 V vs. NHE using BPG electrode coated with CoTPPH. 20 µM of 
maleic acid was added as an internal standard.  
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Figure C30. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution after 
electrolysis at –0.9 V vs. NHE using BPG electrode coated with CoTPPNH2. 20 µM 
of maleic acid was added as an internal standard.  

 

Figure C31. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution after 
electrolysis at –0.9 V vs. NHE using BPG electrode coated with CoTPPNMe3

+. 24 h 
CPE.  
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Figure C32. Water suppression 1H NMR (500 MHz) of 0.1 M KCl solution (water phase 
after extraction using hexane) after electrolysis at –0.9 V vs. NHE using BPG 
electrode coated with CoTPPNMe3

+.  

 

Figure C33. 1H NMR (500 MHz) of organic phase in C6D6 after hexane extraction of 
0.1 M KCl solution after electrolysis at –0.9 V vs. NHE using BPG electrode coated 
with CoTPPNMe3

+.  
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Figure C34. IR spectra for 0.1 M KCl solution electrolysis and 0.1 M KCl solution 
electrolysis after CPE using BPG electrode coated with CoTPPNMe3

+.  

 

 

Figure C35. UV-Vis spectra recorded for cobalt porphyrins in CH2Cl2 solution after 
electrolysis in CO2-saturated 0.05 M K2CO3 aqueous solution. The catalyst was 
washed in CH2Cl2 solution from the BPG electrode after the electrolysis.  
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Figure C36. The Tafel plots for CoTPPH, left (red) in CO2-saturated 0.1 M KCl 
aqueous solution, right (blue) in CO2-saturated 0.05 M K2CO3 aqueous solution. 
Applied potential = -0.90 V vs. NHE. 

 
Figure C37. The Tafel plots for CoTPPNH2, left (red) in CO2-saturated 0.1 M KCl 
aqueous solution, right (blue) in CO2-saturated 0.05 M K2CO3 aqueous solution. 
Applied potential = -0.90 V vs. NHE. 
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Figure C38. The Tafel plots for CoTPPNMe2, left (red) in CO2-saturated 0.1 M KCl 
aqueous solution, right (blue) in CO2-saturated 0.05 M K2CO3 aqueous solution. 
Applied potential = -0.90 V vs. NHE. 

 

 
Figure C39. The Tafel plots for CoTPPNMe3

+, left (red) in CO2-saturated 0.1 M KCl 
aqueous solution, right (blue) in CO2-saturated 0.05 M K2CO3 aqueous solution. 
Applied potential = -0.90 V vs. NHE. 
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Figure C40. Linear sweep voltammograms obtained from RDE experiments under 1 
atm CO2 in CO2-saturated 0.05 M K2CO3 aqueous solution for CoTPPNMe2 
immobilized onto rotating EPG disk electrode at different rotations (300−1000 rpm). 

 

 

Figure C41. Linear sweep voltammograms obtained from RDE experiments under 1 
atm CO2 in CO2-saturated 0.05 M K2CO3 aqueous solution for CoTPPNMe3

+ 
immobilized onto rotating EPG disk electrode at different rotations (300−1000 rpm). 
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Figure C42. Foot-of-the-wave analyses for CoTPPNMe2 in CO2-saturated 0.05 M 
K2CO3 solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph. 

 

 

 

Figure C43. Foot-of-the-wave analyses for CoTPPNMe3
+ in CO2-saturated 0.05 M 

K2CO3 solution. 𝒌 =  𝑻𝑶𝑭𝒎𝒂𝒙 = slope, is given in the graph.  
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Figure C44. CVs for bare BPG and different preparations CoTPPNMe3

+ immobilized 
bpg electrodes in CO2 saturated (red) 0.1 M KCl solution. All the scans were 
recorded at 100 mV/s.  
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Appendix D.   

 

Supporting information for Chapter 5 

 
Figure D1. Before and after 60 min irradiation 1H NMR spectra for a solution of DHA 
and VV(O)(O) in CD3CN (green was before reaction and red was after reaction). 
Images of the NMR tubes before and after reactions are shown at left. 
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Figure D2. Before and after 40 min irradiation 1H NMR spectra for a solution of DHA 
and VV(O)(O2) in CD3CN (green was before reaction and red was after reaction). 

 

 
Figure D3. Before and after 40 min irradiation 1H NMR spectra for a solution of 
xanthene VV(O)(O) in CD3CN (green was before reaction and red was after reaction). 

  



 

216 

 
Figure D4. Before and after 40 min irradiation 1H NMR spectra for a solution of 
xanthene and VV(O)(O2) in CD3CN (green was before reaction and red was after 
reaction). 

 
Figure D5. Before and after 240 min irradiation 1H NMR spectra for a solution of 
fluorene and VV(O)(O) in CD3CN (green was before reaction and red was after 
reaction).  
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Figure D6 Before and after 240 min irradiation 1H NMR spectra for a solution of 
fluorene and VV(O)(O2) in CD3CN (green was before reaction and red was after 
reaction). 

 
Figure D7. Before and after 360 min irradiation 1H NMR spectra for a solution of 
Ph3CH and VV(O)(O) in CD3CN (green was before reaction and red was after 
reaction). 
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Figure D8. Before and after 360 min irradiation 1H NMR spectra for a solution of 
Ph3CH and VV(O)(O2) in CD3CN (green was before reaction and red was after 
reaction). 

 
Figure D9. Before and after 540 min irradiation 1H NMR spectra for a solution of 
toluene and VV(O)(O) in CD3CN (green was before reaction and red was after 
reaction).  
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Figure D10. Before and after 540 min irradiation 1H NMR spectra for a solution of 
toluene and VV(O)(O2) in CD3CN (green was before reaction and red was after 
reaction). 

 

 
Figure D11. Crystal structure of 1 (9,9′,10,10′-tetrahydro-9,9′-bianthracene) (50 % 
ellipsoids). All hydrogen atoms are omitted for clarity other than hydrogen on sp3 
carbon. Color scheme: gray = C, white = H, and red = O.  
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Figure D12. Crystal structure of 2 (bianthronyl) (50 % ellipsoids). All hydrogen 
atoms are omitted for clarity. Color scheme: gray = C and red = O.  

 

 
Figure D13. Crystal structure of 3 (anthraquinone) (50 % ellipsoids). All hydrogen 
atoms are omitted for clarity. Color scheme: gray = C and red = O.  
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Table D1. Selected data for X-ray crystallography. 

Identification code 1 2 3 

Empirical formula C28H22 C28H22O0.25 C7H4O 

Formula weight 358.45 362.45 104.10 

Temperature/K 296(2) 296(2) 296(2) 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/n C2/c P21/c 

a/Å  12.5501(12) 22.3284(6) 7.8768(2) 

b/Å  5.8657(6) 7.7485(2) 3.97070(10) 

c/Å  12.8898(13) 13.6688(3) 15.8098(3) 

α/° 90 90 90 

β/° 95.234(6) 126.7290(10) 102.6710(10) 

γ/° 90 90 90 

Volume/Å 3 944.93(16) 1895.37(8) 482.43(2) 

 
Figure D14. 1H NMR spectra for reaction with toluene in CD3CN under air (top) and 
N2 (bottom) (540 min irradiation for both cases).  
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Figure D15. The conversion versus different ratios of V(O)(O)tBu/V(O)(O2)tBu and 
DHA under N2 (A) and air (B). In all cases, irradiation time was 60 min. 

 
Figure D16. The conversion process versus time of benzoin of light-initiated 
reaction.  
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Figure D17. The conversion versus different ratios of V(O)(O)tBu/V(O)(O2)tBu and 
benzoin under N2. In all cases, irradiation time was 20 min. 

 
Figure D18. Stern-volmer plot for V(O)(O)tBu/V(O)(O2)tBu with different 
concentration of benzoin.  
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Stern-Volmer relation: 

For a process of fluorescence, sometimes the presence of another chemical can 

help accelerate the decay rate of a complex in its excited state. The kinetics of this process 

can be evaluated using Stern-Volmer relation: 

𝐼𝑓
0

𝐼𝑓
= 1 + 𝑘𝑞𝜏0 ∙ [𝑄] 

Where 𝐼𝑓
0 is the intensity without another chemical, 𝐼𝑓 is the intensity with another 

chemical, 𝑘𝑞  is the another chemical rate coefficient, 𝜏0 is the lifetime of the emissive 

excited state of the complex without another chemical present, and [Q] is the 

concentration of the another chemical.  

 

Note: Figures D19-D28 involve reactions of vanadium complexes in the absences of 

substrate All reactions times were 60 minutes. 

 
Figure D19. 51V NMR spectra for VV(O)(O) in CD3CN. (A) Before photochemical 
reaction; (B) Under air after reaction; (C) Under O2 after reaction; (D) Under N2 after 
reaction. 
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Figure D20. 51V NMR spectra for VV(O)(O2) in CD3CN. (A) Before photochemical 
reaction; (B) Under air after reaction; (C) Under O2 after reaction; (D) Under N2 after 
reaction.



 

226 

 

 
Figure D21. 1H NMR spectra for VV(O)(O) in CD3CN. (A) Before photochemical 
reaction; (B) Under air after reaction; (C) Under O2 after reaction; (D) Under N2 after 
reaction.  
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Figure D22. 1H NMR spectra for VV(O)(O2) in CD3CN. (A) Before photochemical 
reaction; (B) Under air after reaction; (C) Under O2 after reaction; (D) Under N2 after 
reaction. 
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Figure D23. IR spectra for VIV(O)(OH), VV(O)(O) and VV(O)(O2) in CH3CN. The V – O 
stretch for VIV(O)(OH), VV(O)(O) and VV(O)(O2) were about 969, 925 and 950 cm-1, 
respectively. 

 
Figure D24. IR spectra for VV(O)(O) before and after photochemical reaction under 
O2, air and N2 in CH3CN. 

 

Figure D25. IR spectra for VV(O)(O2) before and after photochemical reaction under 
O2, air and N2 in CH3CN.  
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Figure D26. UV-vis spectra for VIV(O)(OH), VV(O)(O) and VV(O)(O2) in CH3CN. The 
absorption for VIV(O)(OH), VV(O)(O) and VV(O)(O2) were about 390, 360 and 475 nm, 
respectively. 

 

Figure D27. UV-vis spectra for VV(O)(O) before and after photochemical reaction 
under O2, air and N2 in CH3CN. 
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Figure D28. UV-vis spectra for VV(O)(O2) before and after photochemical reaction 
under O2, air and N2 in CH3CN.  

 

Figure D29. Photoluminescence spectra for VV(O)(O) in the presence (blue trace) 
and absence (red trace) of O2. 
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Figure D30. Photoluminescence spectra for VV(O)(O2) in the presence (blue trace) 
and absence (red trace) of O2. 

 

 

 

Quantum yield result for VV(O)(O)/ VV(O)(O2) 

 

Quantum Yield Results for ‘Multi Scans (QY)’ 

Scatter Range: 331.40 to 347.20 nm 

Emission Range:357.00 to 600.40 nm 

VV(O)(O): QY= 4.14% 

VV(O)(O2): QY= 2.89% 
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Table D2. Coordinates for the optimized geometry of cis-V(O)(O)(4,4 -́dimethylbipyridyl) 

V  6.11941896773942   -0.45497842799425   3.17792006162757 

 O  7.42171822791517   0.23419708693504   3.86243064469444 

 O  6.65719097869000   -1.33642884485130   1.92568235155056 

 N  4.90224421813376   0.20495097743733   5.00593609921729 

 N  5.86680993267706   -2.15956357626153   4.41219124184775 

 N  5.59842040115707   1.28724768358628   2.09684091518601 

 N  3.94659965808749   -0.71658254645268   2.45953161097691 

 C  4.45331742695137   1.44126138659987   5.24301677471115 

 H  4.55686894493672   2.15638250989757   4.43685147531889 

 C  3.88177309989034   1.81700556961199   6.45017516511002 

 H  3.53235847962820   2.83382548579273   6.57910038850640 

 C  3.76555004642875   0.88260017728372   7.47868161441956 

 C  3.17191589502349   1.23169622560776   8.81227298886765 

 C  4.23524915805885   -0.40633581426814   7.22273530428836 

 H  4.16410983024288   -1.16372569386770   7.99205479390295 

 C  4.79373627190739   -0.71246390423155   5.98763644167676 

 C  5.30848029449492   -2.04854263543925   5.64286968173848 

 C  5.22302256403763   -3.14193344774523   6.49295071223675 

 H  4.76732605086169   -3.02885337046565   7.46749181117825 

 C  5.71069817625889   -4.38915485856112   6.09913448395671 

 C  5.63818005727617   -5.57167189933142   7.01733407871840 

 C  6.26840371438234   -4.48106495991579   4.82411739003691 

 H  6.65625235425533   -5.42017760211314   4.45051916537879 

 C  6.33099818220032   -3.35797662742191   4.01934778166465 

 H  6.75786610467339   -3.39417972947902   3.02665613159933 
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 C  6.50832691900401   2.26516780156075   1.93586676410267 

 H  7.40346949084912   2.17671399377596   2.53529399130056 

 C  6.32298626480415   3.31382859135832   1.05688718228515 

 H  7.09219703746401   4.07043477005487   0.96823643051088 

 C  5.15654928616686   3.37762011981659   0.29066339086914 

 C  4.94565516708622   4.46753963124754   -0.71530720005892 

 C  4.20979895419081   2.37326547693818   0.48471605219002 

 H  3.28769584917825   2.39084285286609   -0.08011213049193 

 C  4.44673079857131   1.34428309425520   1.38820613786388 

 C  3.49165760480615   0.25239442965249   1.64241305705319 

 C  2.21071685355333   0.21725914403950   1.09656135295604 

 H  1.87227101327832   1.01493385530226   0.44890095863973 

 C  1.35098681052311   -0.83783910057734   1.39387454612903 

 C -0.04047505532337   -0.90127360638836   0.83569190376245 

 C  1.84206559650787   -1.83784362811795   2.23695964165054 

 H  1.22988066516078   -2.68838466149653   2.51083784221371 

 C  3.12980964585105   -1.74097343613457   2.73661384486284 

 H  3.52296814893012   -2.51187841187625   3.38557366452571 

 H  2.73493196267835   2.23009194271820   8.80176900979656 

 H  3.94508268008313   1.19678393794816   9.58507099940136 

 H  2.40175192396629   0.50890977548609   9.09012220136003 

 H  5.94782491806296   -6.48434213621923   6.50935774886174 

 H  4.62293374777036   -5.69930508354470   7.40025593584026 

 H  6.29195709798322   -5.41170489880348   7.87949093445543 

 H -0.26412944995417   -0.02555203344425   0.22687575219766 

 H -0.77061178649273   -0.96437134836633   1.64667260558404 
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 H -0.16132063317417  -1.79695038277863   0.22053597448694 

 H  3.89792628828449   4.54438512279118   -1.00576822757744 

 H  5.53394736760948   4.25100272709856   -1.61275052690357 

 H  5.28709579667204   5.42659829648508   -0.32209894627820 

 

 

Table D3. Positions of the 25 lowest energy transitions for cis-V(O)(O)(4,4 -́
dimethylbipyridyl) 

----------------------------------------------------------------------------- 

State  Energy  Wavelength fosc     P2    PX    PY    PZ  

     (cm1)   (nm)             (au**2)  (au)    (au)   (au)  

----------------------------------------------------------------------------- 

  1  19525.8  512.1  0.004701750  0.07927 -0.08012  0.17069 -0.20910 

  2  20625.0  484.8  0.003301317  0.05269 -0.17988 -0.03603  0.13799 

  3  25287.2  395.5  0.000291920  0.00380 -0.02163 -0.02164  0.05352 

  4  26332.6  379.8  0.000981599  0.01227 -0.09759  0.04195 -0.03143 

  5  26729.3  374.1  0.002189815  0.02697 -0.11418  0.00941  0.11767 

  6  28220.0  354.4  0.002184316  0.02548 -0.05093  0.14499 -0.04321 

  7  28459.5  351.4  0.000517156  0.00598  0.00659  0.00759  0.07669 

  8  28588.4  349.8  0.002848295  0.03280 -0.07702 -0.14139  0.08292 

  9  29340.5  340.8  0.000489106  0.00549 -0.00819 -0.03346  0.06558 

 10  29861.2  334.9  0.000536629  0.00592 -0.06927  0.00719  0.03266 

 11  30249.3  330.6  0.003523602  0.03835 -0.03512  0.13285 -0.13952 

 12  30807.1  324.6  0.047476397  0.50734  0.15695 -0.37109  0.58737 

 13  31333.1  319.2  0.001524425  0.01602 -0.00265 -0.10897  0.06430 

 14  31502.9  317.4  0.001837386  0.01920 -0.04504  0.08939 -0.09583 

 15  31938.4  313.1  0.002203794  0.02272  0.06619  0.12029  0.06217 
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 16  32448.4  308.2  0.113834510  1.15493 -0.92003 -0.52043  0.19397 

 17  32558.3  307.1  0.074583895  0.75415 -0.20047  0.77142  0.34479 

 18  32699.4  305.8  0.044332078  0.44633 -0.05807  0.64027  0.18170 

 19  33679.5  296.9  0.025790035  0.25209  0.32184 -0.29485  0.24815 

 20  33998.7  294.1  0.012935776  0.12526  0.13213  0.09858 -0.31318 

 21  34043.2  293.7  0.009771047  0.09449 -0.24317 -0.18742 -0.01527 

 22  34118.1  293.1  0.021674506  0.20914  0.11466  0.08637 -0.43421 

 23  34587.9  289.1  0.020394524  0.19412 -0.20396  0.35140  0.17040 

 24  34736.1  287.9  0.004407933  0.04178  0.19852  0.00719  0.04810 

 25  35221.4  283.9  0.001709609  0.01598  0.11510 -0.05221  0.00238 

 

 


