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Carbon dioxide reduction has been an increasingly popular research in the renewable energy 

development as it can be used to store the solar energy in the form of chemical energy in liquid fuels, like 

gasoline and diesel. There are two main catalytic approaches to overcome the thermodynamically unfavored 

conversion of carbon dioxide (CO2) to carbon-based species, such as carbon monoxide and format: 
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photochemical reduction using direct sunlight, and electrochemical reduction using electricity generated by 

solar panels.  

In a typical photochemical system using rhenium or manganese bipyridine catalysts, previous work 

has been done on ligand modification to improve the quantum yield of carbon monoxide (CO) and other 

carbon species production. The work presented in this dissertation focuses on the structural modification of 

these catalysts to eliminate dimerization of manganese bipyridine catalyst upon first reduction and facilitate 

electron transfer from singly reduced photosensitizer to catalyst through non-covalent supramolecular 

assembly. In the former method, the bromide ligand of the manganese bipyridine catalyst (Mnbpy(CO)3Br) 

was replaced with a cyanide ligand (Mnbpy(CO)3CN) to reach an alternative reaction mechanism, in which 

disproportionation of two singly reduced manganese bipyridine catalyst occurs to give the active species 

without dimerization. In the latter method, electron transfer between the singly reduced photosensitizer and 

the catalyst is facilitated by the closer proximity of the two through non-covalent hydrogen bonding. Both 

methods, unexpectedly, discovered the role of solvents in photocatalysis on product selectivity.  

One of the biggest obstacles of electrochemical reduction of carbon dioxide in large-scale 

application is the immobilization of catalysts onto electrode surface. Most of the attachment methods in the 

literature face the issues of catalysts detachment and deactivation, and poor electrical contact between the 

catalyst and the electrode. A novel solvent-free synthetic method was invented to embed a top carbon 

dioxide electrocatalyst iron porphyrin into covalent organic frameworks. The COF-modified electrode 

demonstrated good activity for production of CO under electrocatalytic conditions in acetonitrile (MeCN) 

compared to the control electrode with only adsorbed iron porphyrins.  
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Chapter 1  

 

Energy Storage by Carbon Dioxide Reduction 

1.1 Global Energy Usage and Movement Towards Renewable Energy 

With increasing demand in energy, there is a growing need for finding renewable energy resources 

to offset or stabilize the emissions of carbon dioxide. Energy consumption worldwide grew by 2.3 % in 

2018, nearly twice the average rate of growth since 2010.1-2 It was spurred by increased consumption in 

China and the United States. Chinese energy consumption, being the largest in the world since 2009, was 

mainly driven by power generation, strong industrial demand, and increasing transport fuel consumption 

encouraged by a growing vehicle fleet. The United States has consumed a record-high of 2.3 giga tonne of 

oil equivalent of energy in 2018 (3.5 % increase from 2017).2 In contrast, energy consumption decreased 

in the European Union ( 1 %), and in particular Germany ( 3.5 %), partly due to decreasing consumption in 

the power industry, a milder winter, reducing commercial consumption, and energy efficiency 

improvements.3 Natural gas accounted for nearly 45 % of the increase in total energy demand. Demand for 

all fuels rose, with fossil fuels meeting nearly 70 % of the growth for the second year energy consumption.1 

Modeled projections from different groups suggest that the consumption of fossil fuels is likely to continue 

to grow due to increased energy demand in the future.2, 4-5  



 

2 

 

Figure 1.1 Capacity-weighted average construction costs for electricity generators from 2013 to 2017. 

Figure reproduced in full from Reference 6.  

Global energy demands and climate change have increased interest in the renewable energy 

development in the world, making it more cost-competitive compared to conventional fossil fuel power 

plants.4-6 From 2013 to 2017, average costs for solar photovoltaic (PV) generators have fallen by 37 %, 

wind by 13 %, and natural gas by 4.7 % in the United Sates (Figure 1.1).6 Renewables 2019 Global Status 

Report5 showed that renewable energy accounted for an estimated 18.1 % of total global final energy 

consumption. The electricity generated from new solar PV plants had become more economical than power 

from fossil fuel plants in many countries, such as China, Germany, and Italy.7 The increased popularity of 

solar PV plants is due to the decreased global total installation cost of utility-scale solar PV projects, which 

have fallen more than 70% since 2010 (1210/kW in 2018 and 4621/kW in 2010)7 due to competition, 

continued improvements in manufacturing, and module efficiency.5 In the U.S., California is on the track 

to meet its goal of 33 % of its energy produced from renewable sources, such as solar, wind, and geothermal 

energy by 2020 (Figure 1.2);8 it has also set an additional goal of reaching 50 % of its electrical needs by 

renewable energy by 2030.9 The lowering of building cost makes renewable energy a bigger section of 

global energy supply.  
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Figure 1.2 Monthly maximum percent of load served by renewables in California from January 2015 to 

July 2019. Figure reproduced in full from Reference 3. 

 
Figure 1.3 Global energy-related carbon dioxide emissions by source from 1990 to 2019 recorded by 

IEA. Figure reproduced in full from Reference 1. 

Despite progress in renewables generation, energy efficiency, and energy access, the world is not 

on track to meet the targets of the Paris Agreement, which  aims to limit the global temperature rise in this 

century to 1.5 oC above pre-industrial levels via increased renewable energy usage and a decrease in global 
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carbon emissions.10 Due to increased fossil fuel consumption global energy-related carbon dioxide (CO2) 

emissions rose 1.7 % to a historic high of 33.1 gigatonne (Gt) of CO2 in 2018. (Figure 1.3).1, 5 In the new 

global economy, reduction of carbon dioxide emissions has become a central issue for economic growth 

and environmental sustainable development.  

1.2 Problems of Oversupply and Intermittency 

 

Figure 1.4 The “duck curve” chart published by CAISO in 2016. Figure reproduced in full from Reference 

11.  

In February 2008, a team of analysts at the National Renewable Energy Laboratory (NREL) led by 

Paul Denholm published work12 that examined future large-scale integration of solar photovoltaic (PV) 

generation on the electric grid. Their recognition of a unique change in the shape of the electric load met 

by conventional power plants when increasing levels of PV are added to the system is consistent with the 

“duck curve” phenomenon (Figure 1.4) observed by the California Independent System Operator (CAISO) 

in their real-time monitor of daily net electricity demand from 2012 to 2020.11, 13 Since its discovery, the 

duck curve has become an emblem of the challenges faced by power system operators when integrating 
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variable renewables on the grid. On a particular sunny day, especially when the temperature is cool, system 

operators have to turn off some of the solar panels as conventional plants are too slow to turn on and off to 

accommodate the spike of solar energy during daytime. Moreover, the intermittent nature of solar and wind 

energies makes them unreliable supply of energy for long term utilization. To cope with these problems, 

energy storage is the ultimate solution to renewable energies.  

1.3 Role of Carbon Dioxide Utilization in Energy Storage 

1.3.1 Role of Carbon Dioxide Reduction in Grid Management 

Without cost-effective storage, solar electricity can never be a primary energy source for society, 

due to the diurnal variation in local insolation. In principle, storage of electricity could be obtained using 

batteries, but at present no battery technology meets the needs for large scale storage applications. A second 

approach is to store the electrical energy mechanically, for instance, by pumping water uphill. This method 

is relatively inexpensive for storing large amounts of energy, but it is not well matched to being charged 

and discharged every 24 h to compensate for the diurnal cycle. A third way of storage is to store the solar 

electrical energy into chemical energy in the form of chemical bonding in artificial photosynthesis, as a 

mimic of natural photosynthesis.14 One of the best end products that can be produced from artificial 

photosynthesis is liquid fuels, such as gasoline and diesel, by using carbon dioxide as a raw material. Carbon 

dioxide is a very thermodynamically stable form of carbon. As a result, conversion of carbon dioxide into 

a more energetic product involves transfer of electrons to carbon, reducing its oxidation state. The processes 

by which carbon dioxide is converted to a more reduced product is called carbon dioxide reduction. As a 

comparison to energy storage in batteries or hydrogen gas, liquid hydrocarbon fuels have much higher 

energy density per unit weight or volume (Figure 1.5). Together with their low density and liquid state, 

liquid fuels are still the best form of energy storage that is already well incorporated into our current society.  
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Figure 1.5 Energy density per unit weight or volume of liquid fuels compared to batteries. Figure adapted 

from Reference 15. 

1.3.2 Other Impacts Brought by Carbon Dioxide Reduction 

By coupling carbon dioxide reduction to micro-grids of renewable energy, liquid fuels can be 

produced using sunlight or wind, carbon dioxide, and water. Such technology is not only important to the 

development of renewable energy, but also essential to the national security16 and Mars exploration17. 

According to a Department of Defense (DOD) report18, U.S. military facilities had 701 power outages in 

2016 that lasted eight hours or longer, with an average cost of $500,000 per day. These power outages are 

mainly due to mechanical failures and the loss of electricity through the public power grid. In cases where 

continuity of power supply is vital for national defense operations, renewable power and energy storage 

technology, can be combined to form self-sustaining microgrids. Renewable energy generators can be 

constructed within a short timeframe throughout different regions and terrains, and enhance the reliability 

and resilience of the entire electrical grid during high-impact events.16 

The Keck Institute for Space Sciences (KISS) has studied the viability of the photoelectrochemical 

(PEC) or electrochemical (EC) production of fuel (e.g., carbon monoxide or methane) and oxygen from 

atmospheric carbon dioxide on Mars. The Martian atmosphere consists of more than 95 % of carbon 

dioxide. Due to the complexity, site dependency, and mission risk currently on Mars, utilization of 

atmospheric CO2 is deemed the preferred way to produce oxygen and fuels for human missions.17 
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1.4 Catalysts for Carbon Dioxide Reduction 

 

Figure 1.6 Timeline for the number of articles published on photocatalytic and electrocatalytic CO2 

reduction, solar PV production in California on June 20th, and monthly average of seasonally adjusted 

CO2 concentration in the atmosphere.  

The search of catalytic systems for carbon dioxide reduction has started since the oil crisis in 

1970s.19 Despite the drop in oil prices since, there has been an increase of solar PV production (Figure 1.6) 

that has lead to  more and more work has been done on photocatalysis and electrocatalysis for carbon 

dioxide reduction. The plot was made from the article numbers (Web of Science, Clarivate Analytics)20, 

solar PV production (CAISO Daily Renewables Watch)21, and CO2 concentration (the Scripps CO2 

measurements at Mauna Loa)22 respectively . All data were updated on November 12, 2019. In the past few 

decades, useful catalytic systems were developed mostly using semiconductors, transition metal complexes, 

and enzymes. In this work, we focus on the development of transition metal complexes as electrocatalysts 

and photocatalysts for carbon dioxide reduction. 
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1.4.1 Photochemical Systems for Carbon Dioxide Reduction 

The one-electron reduction of carbon dioxide is a highly endergonic reaction (eqn. (1) in Table 

1.1) because carbon dioxide is a very thermodynamically stable form of carbon. Only a few studies have 

reported this process by photocatalysis. For instance, Yanagida et al showed that poly-p-phenylene serves 

as redox photosensitizer to reduce CO2 to CO2
●– in the presence of trimethylamine as reductant23. However, 

to have better product control and utilize low energy light, the multi-electron reduction of carbon dioxide 

via chemical reactions is a more promising process. As shown in eqn. (2) and (3), the two-electron two-

proton reduction of carbon dioxide is thermodynamically more favorable. Carbon monoxide (CO) is a 

useful chemical precursor that can be converted into liquid hydrocarbon fuels through Fischer-Tropsh 

process.24 Formic acid can act as a hydrogen carrier25 and as use in a formic acid fuel cell.26-27 

Table 1.1 Reduction potentials for electrochemical half-reactions of CO2 at pH = 7 vs. NHE in aqueous 

solution. Reproduced from Benson et al.28  

CO2 
 +  e– → CO2

●– E° = – 1.90 V (1) 

CO2 + 2H+ +  2e– → CO + H2O E° = – 0.53 V (2) 

CO2 + 2H+ +  2e- → HCOOH E° = – 0.61 V (3) 

CO2 + 4H+ +  4e– → HCHO + H2O E° = – 0.48 V (4) 

CO2 + 6H+ +  6e– → CH3OH + H2O E° = – 0.38 V (5) 

CO2 + 8H+ +  8e– → CH4 + 2 H2O E° = – 0.24 V (6) 

 

A typical multi-electron system for photocatalytic reduction of carbon dioxide via reductive 

quenching usually consists of a sacrificial reductant (D), a photosensitizer (PS), and a catalyst (Scheme 

1.1). In this work, we concentrate on reductive quenching process as photosensitizer and catalyst are two 

isolated molecules, not being linked by covalent bonds. In most photocatalytic systems, the catalytic cycles 

were initiated by the reductive quenching process, in which an electron was transferred from sacrificial 

reductant to the photoexcited PS* to give the singly reduced photosensitizer (PS●–). The reductant 

sometimes has drastic impacts on the photocatalytic activity of the system. Photosensitizer is a redox 

mediator transferring electrons from sacrificial reductant to catalyst after photoexcitation. Catalyst accepts 
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one or multiple electrons from PS●– or (PS*) to reduce CO2 molecule by making one or multiple bonds. 

The driving force of electron transfer between photosensitizer and catalyst is determined by the redox 

potential difference between PS●– and the catalyst.19  

 

Scheme 1.1 Schematic reaction mechanism of multi-electron photochemical carbon dioxide reduction 

through reductive quenching. 

The most studied photochemical systems include rhenium, manganese and ruthenium bipyridyl 

complexes, iron and cobalt porphyrins, as well as cobalt and nickel cyclams29. Current work has been 

focused on synthesizing novel photosensitizer for longer excited state lifetime30-31 and visible light 

excitation32-33, replacement of scarce metals to earth abundant metals in catalysts34-35 and photosensitizers32, 

35, acceleration of electron transfer from PS●– to catalyst,31, 36 and usage of better sacrificial reductants37 to 

further improve catalytic performance. Most of these works were done through modification of ligands of 

the organometallic complexes,31-32, 36 but there is still room for study by alternating the reaction mechanism 

for photocatalysis.38-39 Hence, this work shows two projects alternating the reaction mechanisms by 

changing the ligand directly attached to the metal center39 and installing hydrogen bonding groups to 

ligands38. 

1.4.2 Electrochemical Systems for Carbon Dioxide Reduction 

The electrochemical reduction of carbon dioxide was studied for the first time by Royer40 in 1870. 

Similar to photocatalytic reduction of carbon dioxide, there was a growing body of literature that recognizes 
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the importance of electrochemical studies started since 1970s.41 As shown in Scheme 1.2, electrocatalysts 

receive one or more electrons from electrode to reach the reduced state (Catm-n), then they pass the electrons 

to the substrate to give the products and regenerate the oxidized catalyst (Catm). An electrocatalytic process 

is therefore dependent on the relationship between the applied voltage, Vapplied, and the thermodynamic 

potential of the reaction, E0(P/S), which can be used to determine the effective overpotential, η [Vapplied – 

E0(P/S)]. Ideal molecular electrocatalysts have a high heterogeneous electron transfer rate constant, kh, at 

Vapplied in addition to a redox couple, E0(CATm/m-n), that is well-matched with E0(P/S) so that η is minimal. 

Ideal catalysts will have high catalytic rate constants, kcat, with low η values (Scheme 1.2).42 To study 

these reactions, isolation of catalytically relevant species is of the utmost importance to understanding the 

catalytic mechanism and gives insight into how electronic structures can be manipulated to improve 

catalytic activity.  

 

Scheme 1.2 Schematic representation of electron transfer process of electrocatalysis.  

The direct electrochemical reduction of carbon dioxide results in a variety of products which 

depend mainly on catalyst materials and the reaction medium. Electrochemical reduction of carbon dioxide 

can mainly proceed through two-, four-, six-, and eight-electron reduction pathways in gaseous, aqueous, 

and non-aqueous phases at different cell and electrode configurations (Table 1.1). In this work, we focus 

on molecular electrocatalysts, which are mostly molecular transition metal complexes. Based on their 
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physical states during catalysis, molecular electrocatalysts can be categorized into two groups: 

homogeneous catalysts and heterogenized catalysts.  

 

Scheme 1.3 Schematic representation of electrical double layer, which is composed of inner Helmholtz 

plane (IHP) and outer Helmholtz plane (OHP), diffuse layer, and electroneutral bulk solution. 

Homogeneous catalysts dissolve in solution during catalysis. When a negative potential is applied 

at the electrode, there is a space-charged region composed of electrical double layer and a diffuse layer. 

The former contains exclusively cations of the supporting electrolyte on the electrode surface (and vice 

versa if the electrode is positive). The inner Helmholtz plane (IHP) is the layer of adsorbed charged solvent 

or supporting electrolyte molecules, while the outer Helmholtz plane (OHP) consists of ions and solvated 

ions of opposite charges to the electrode attracted to the electrode surface via long range coulombic forces 

(Scheme 1.3).43 The electrical double layer extends to the bulk solution via a diffuse layer in which the 

excess of positive charges over negative charges gradually decreases with distance until electroneutrality is 

reached. Since the concentration of supporting electrolyte is usually a hundred times higher than the 

concentration of the electroactive species, the presence of the electroactive species, the catalyst in this case, 

does not perturb the double layer significantly. The migration of charged electroactive species and 
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convection of solution is minimized during cyclic voltammetry, therefore, the electroactive molecules are 

transported solely by diffusion.42 Because catalysts work only when they receive electrons, only the small 

fraction of catalysts present at the electrical double layer or diffuse layer can be reduced and reactive. 

Therefore, the rate of catalysis is limited by the rate of diffusion of catalyst to electrode surface.  

 

Scheme 1.4 Schematic representation of homogeneous and heterogenized catalyst for electrocatalysis. 

To solve this problem, heterogenization of homogeneous molecular catalyst by immobilizing them 

onto electrode surfaces becomes a viable solution (Scheme 1.4). The molecular catalysts are attached to 

electrode surfaces via physical and chemical interactions. For example, molecular catalysts with aromatic 

rings are commonly deposited onto carbon nanotubes on carbon electrodes and then used in aqueous 

solution in which the catalysts are insoluble.44-47 In the ideal situation, the heterogenized catalysts at the 

electrode surface receives electrons rapidly to drive catalysis, of which their rate is not limited by diffusion 

of catalysts. Heterogenization of catalysts also favors large scale applications due to lower catalyst loading, 

higher compatibility of various solvents, and easier handling of processes.  
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Rhenium and manganese bipyridine systems, iron and cobalt porphyrins, nickel cyclams, iron 

carbonyl clusters, and iron and cobalt cyclopentadienones are some of the most well-studied electrocatalysts 

for carbon dioxide reduction.28, 48-49 A lot of studies have been done on attaching these catalysts onto 

electrode surfaces. Due to low cost, easy modification, and diversity in morphology, carbon electrodes are 

most commonly used for modification with catalysts. The attachment methods on carbon electrodes can be 

categorized as covalent immobilization and non-covalent immobilization. However, most of these 

attachments suffer from catalyst detachment, catalyst deactivation, low catalyst loading, and poor electrical 

contact.50 More work needs to be done to build an ideal system with inexpensive catalyst, low catalyst 

loading, high catalytic activity, and long term stability. For example, monolayers or ultrathin films of 

catalysts made from earth-abundant metals, such as iron, manganese, and nickel, can be deposited or 

chemically linked to electrodes to decrease the catalyst loading. The molecular structure and morphology 

of catalysts is likely to affect the way they attach onto electrode surface, and hence their catalytic activity 

and long-term attachment.  
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Chapter 2  

 

Photochemical Reduction of Carbon Dioxide Using 

a CN-modified fac-Mn(bpy)(CO)3 Catalyst 

 

2.1 Introduction 

The development of systems to harness renewable energy for conversion of carbon dioxide 

attracted attention as an artificial means of photosynthesis since the energy crisis from 1970s to 1990s. 

Three systems have been developed using semiconductors, transition metal complexes and enzymes during 

this period. Fujishima and Honda et al reported the photochemical reduction of carbon dioxide using 

semiconductor photocatalysts, e.g. titanium dioxide (TiO2) and cadmium sulfide (CdS).1 Lehn's catalyst, 

fac-Re(bpy)(CO)3Cl, was also reported to be a very selective carbon dioxide photocatalyst in 1980s.2-4 

Willner and his coworkers also presented their development of photocatalytic CO2-fixation systems into 

organic products using enzymes in 1986.5 Despite the decrease of oil price in recent years and the difficulty 

in developing technologies for industrial usage, the development of photocatalytic reduction of carbon 

dioxide continues to receive plenty of interest.  
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In this work, we focus on the photocatalytic reduction of carbon dioxide using transition metal 

complexes as catalysts and redox photosensitizers, especially molecular catalysts with Ru- and Re-carbonyl 

cores and ligands based on 2,2′-bipyridine (bpy).6-11 Complexes of this type have been used to convert CO2 

to carbon monoxide (CO) and/or formic acid (HCO2H) by using a photosensitizer (PS) to initiate 

photochemical electron transfer along with a sacrificial reductant to donate electrons and sustain catalysis. 

However, the cost of ruthenium (Ru) and rhenium (Re) precludes their use on a large scale, underscoring 

the need for earth-abundant alternatives, e.g., manganese (Mn).12-13 Although it is not the focus of the 

present work, we note that there is a complementary focus on the development of photosensitizers which 

do not use heavy metals for similar reasons.14-16 

Prior reports have focused on the electrochemical17 and photosensitizer-driven18-19 reactions of fac-

MnBr(bpy)(CO)3 (the fac- label will be omitted from here on). During electrocatalysis, MnBr(bpy)(CO)3 

is first reduced by a single electron, after which the Br– ligand dissociates and a metal-metal bonded dimer, 

[Mn(bpy)(CO)3]2, is formed.20-21 Further reduction of the dimer with two electrons yields two equivalents 

of the proposed active species, [Mn(bpy)(CO)3]–; this reduced species can react with CO2 in the presence 

of added Brønsted acids to produce CO in non-aqueous media.20, 22-23 The intermediate steps are proposed 

to involve a hydroxycarbonyl species, [Mn(η1-COOH)(bpy)(CO)3], which forms from the initial reaction 

of the [Mn(bpy)(CO)3]– anion with CO2/H+ and requires an additional reduction to achieve the highest rate 

of catalysis.22, 24 Consistent with the electrochemical mechanism detailed above, Takeda et al.18 found that, 

as a catalyst, MnBr(bpy)(CO)3 forms the [Mn(bpy)(CO)3]2 dimer rapidly following a photo-induced one-

electron reduction by a photosensitized [Ru(dmb)3]2+ complex. Time-resolved experiments estimate the 

dimerization rate constant to be rapid, with 2kdim = 1.3 ± 0.1 x 109 M–1s–1.21 The authors18 suggested a 

monomeric, five-coordinate manganese radical species [Mn(bpy)(CO)3]• results from photoinduced 

homolytic dimer cleavage; this radical is also proposed to be the active catalyst for reduction of CO2, with 

HCO2H as the major product. Analogous Mn radical species have been previously detected as a product of 

the photoassisted cleavage of Mn−Mn bonds.25-27 
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In a recent report we described the electrocatalytic behavior of Mn(CN)(bpy)(CO)3, which was 

found to be a competent catalyst for the electrocatalytic reduction of CO2 with high Faradaic yield for CO 

(98 ± 3%).28 With the substitution of the Br– ligand for the pseudohalogen cyanide (CN–), the mechanism 

of catalytic CO2 reduction was altered from that described above. Specifically, CN– did not readily 

dissociate like Br– following a one-electron reduction, mitigating the formation of the Mn–Mn dimer 

species as an intermediate to the active state, [Mn(bpy)(CO)3]–, which was instead generated after a 

disproportionation reaction. As a result, we were interested in investigating the photocatalytic properties of 

Mn(CN)(bpy)(CO)3 to see if the alternate reduction mechanism would also impact the distribution of two-

electron products (H2, CO and HCO2H).18 

Herein, the use of Mn(CN)(bpy)(CO)3 as part of a photocatalytic system for the reduction of CO2 

is reported.  The results suggest that, similar to the previously described electrochemical mechanism, 

Mn(CN)(bpy)(CO)3 undergoes a disproportionation reaction involving two singly reduced species, 

[Mn(CN)(bpy)(CO)3]•–, to produce one equivalent of the catalytically active species [Mn(bpy)(CO)3]– and 

one equivalent of Mn(CN)(bpy)(CO)3. Indeed, under a variety of experimental conditions 

Mn(CN)(bpy)(CO)3 is capable of photocatalytically converting CO2 to both CO and HCO2H, although at 

lower rates than previously reported for MnBr(bpy)(CO)3. Interestingly, the preferred catalytic product 

shifts from CO to HCO2H when changing the solvent from MeCN to DMF. Supplementary electrochemical 

and infrared spectroelectrochemical studies support the disproportionation mechanism, and indicate that 

the DMF-TEOA mixture is non-innocent with respect to the production of HCO2H. This is noteworthy 

because many studies have focused on the electro- and photocatalytic performance of molecular catalysts 

related to MnX(bpy)(CO)3
6-11, 18-19, but few studies investigate the role of solvent.10, 29-30 Indeed, some 

reports note that DMF can be hydrolyzed to produce formate either during photocatalysis or during analysis 

if significant amounts of water are present.29-30Some studies suggest that dimethylacetamide (DMA) is a 

better alternative of DMF for photocatalytic reduction of CO2 as DMA does not hydrolyze to give formate.  
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2.2 Results and Discussion 

2.2.1 Photocatalytic Experiments 

Thirty one photocatalytic experiments with different reaction conditions were conducted and the 

results are summarized in Table 2.1 and Table 2.2. In a typical photocatalytic experiment – adapted from 

a previous report19 – a quartz cell of known volume was charged with solvent mixtures of acetonitrile 

(MeCN) and triethanolamine (TEOA) (4:1 v/v) or dimethylformamide (DMF) and TEOA (4:1 v/v) that 

contained Mn(CN)(bpy)(CO)3, [Ru(dmb)3]2+ as a photosensitizer, and 1-benzyl-1,4-dihydronicotinamide 

(BNAH) as a sacrificial reductant. After irradiation at 470 nm with an LED laser, the gaseous products 

(CO, H2) were quantified by GC and liquid products (HCO2H) with 1H NMR (See Experimental Methods). 

A key finding is that the main product of the photochemical reaction was HCO2H in the DMF-TEOA 

solvent system, while CO was the primary product in MeCN-TEOA, vide infra.  

Table 2.1 Summary of Catalytic Experiments for Photocatalysis. 

Entry 
Mn Catalyst/ 

mM 

Ru Photosensitizer/ 

mM 

Irradation 

Time / h 

HCO2H- 

TON 

CO- 

TON 

H2- 

TON 

HCO2

H- Φ 
CO- Φ 

Catalytic Experiments in DMF-TEOA 

1 0.1 0.1 15 36.29 3.90 0.64 0.0096 0.001 

2 0.5 0.5 15 21.16 3.17 0.45 0.0312 0.0047 

3 1.0 1.0 15 9.50 2.28 0.37 0.0272 0.0065 

4 0.1 0.1 6 16.46 2.76 0.20 0.011 0.0018 

5 0.5 0.5 6 10.92 0.92 0.25 0.0387 0.0033 

6 1.0 1.0 6 5.18 0.83 0.07 0.033 0.0053 

Catalytic Experiments in MeCN-TEOA 

7 0.1 0.1 15 4.52 7.87 0.56 0.0011 0.002 

8 0.5 0.5 15 2.05 5.26 0.24 0.0027 0.0069 

9 1.0 1.0 15 1.16 3.21 0.17 0.0029 0.008 

10 0.1 0.1 6 0.00 4.65 0.27 0.00 0.0032 

11 0.5 0.5 6 0.00 3.35 0.14 0.00 0.0112 

12 1.0 1.0 6 0.00 3.14 0.14 0.00 0.0207 

Variable Concentration Studies in DMF-TEOA 

13 0.1 0.5 15 129.87 9.08 1.20 0.0262 0.0018 

14 0.1 1.0 15 127.36 7.10 1.55 0.0318 0.0018 

15 1.0 0.5 15 5.79 3.03 0.24 0.0144 0.007 

Variable Concentration Studies in MeCN-TEOA 

16 0.1 0.5 15 8.08 19.02 1.42 0.0021 0.0048 

17 0.1 1.0 15 9.01 21.47 1.31 0.0022 0.0053 

18 1.0 0.5 15 1.38 4.20 0.18 0.003 0.01 

All runs were sparged with CO2 for 30 mins prior irradiation with 470 nm monochromatic light for 15 h. 



 

21 

Table 2.2 Summary of Control Experiments for Photocatalysis. 

Entry 
Mn Catalyst/ 

mM 

Ru Photosensitizer/ 

mM 

Irradation 

Time / h 

HCO2H- 

TON 

CO- 

TON 

H2- 

TON 

HCO2

H- Φ 

CO- 

Φ 

Control Reactions in DMF 

19 0.5 0 CO2 1.89 2.10 0.00 0.0022 0.0025 

20 0 0.5 CO2 5.66 1.49 2.84 0.0069 0.0018 

21# 0.5 0.5 CO2 0.00 5.81 0.26 0.00 0.0082 

22@ 0.5 0.5 Ar 2.63 / / / / 

23 0.5 0.5 Ar 3.82 1.54 7.82 0.0047 0.0018 

24 0 0.5 Ar 3.15 0.87 1.32 0.004 0.0011 

25 0.5 0 Ar 2.19 2.25 0.00 0.003 0.003 

26# 0.5 0.5 Ar 0.00 2.44 1.40 0.00 0.0021 

Control Reactions in MeCN 

27 0.5 0 CO2 0.00 2.04 0.00 0.00 0.0024 

28 0 0.5 CO2 0.72 0.60 1.23 0.0009 0.0008 

29# 0.5 0.5 CO2 0.00 2.18 0.00 0.00 0.0025 

30 0.5 0.5 Ar 0.55 2.20 4.40 0.0007 0.0026 

31# 0.5 0.5 Ar 0.00 2.39 1.37 0.00 0.002 

All runs were irradiated with 470 nm monochromatic light for 15 h. # TEOA is not used in the solvent 

system. @ Irradiation time = 0 h. 

In the following sections we highlight two conclusions that are supported by these experimental 

results: i) Mn(CN)(bpy)(CO)3 follows a disproportionation mechanism under photocatalytic conditions, 

and ii) varying the solvent system from DMF-TEOA to MeCN-TEOA affects the product distribution 

between HCO2H and CO. We discuss the origin of these conclusions and introduce further experimental 

results in support. 

2.2.2 Disproportionation Mechanism 

In Scheme 2.1, we present a proposed mechanism for the photocatalytic reduction of CO2 by 

Mn(CN)(bpy)(CO)3 based on the photocatalytic results presented above and additional experiments detailed 

below. In the photosensitization step, the reduced [Ru(dmb)3]•+ ([Ru(dmb)3]2+/•+ = –1.85 V vs Fc/Fc+) 

transfers an electron to the ligand of Mn(CN)(bpy)(CO)3 (species 1), forming a [Mn(CN)(bpy)(CO)3]•− 

pecies, 2 [eqn. 1 in Scheme 2.2; [Mn(CN)(bpy)(CO)3]0/•− = –1.91 V vs Fc/Fc+].1 28, 31-34 The reduced 

photosensitizer [Ru(dmb)3]•+ is capable of driving catalysis at this potential, but at a diminished rate. Indeed, 

                                                      

1 [Ru(dmb)3]
2+*/+ = 0.24 V; BNAH0/•+ = 0.20 V vs Fc/Fc+ 
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in comparison to MnBr(bpy)(CO)3 much lower rates are observed.18 Two equivalents of 2 can undergo 

disproportionation to generate the active [Mn(bpy)(CO)3]− anion, 3, and the starting material 

Mn(CN)(bpy)(CO)3 [eqn. 2 in Scheme 2.2]. It is presumed that HCO2H formation in this mechanism results 

from the protonation of species 3 (by TEOA, TEOA•+, or TEOAH) to generate a Mn hydride, an expected 

intermediate before CO2 insertion, during catalysis.19, 35-39 A preference for HCO2H is observed in DMF-

TEOA solution, indicating that the formation of an intermediate hydride species may be favored relative to 

MeCN.19 It is also possible for species 3 to form a hydroxycarbonyl species (preferred in MeCN-TEOA) 

through a direct attack of CO2 with subsequent protonation by TEOA or TEOAH+ (generated by the 

deprotonation of BNAH•+, the expected sacrificial co-product from photosensitization).40-41 The resulting 

η1–COOH coordination mode generally yields CO as a product.42-44 We note another formate formation 

pathway. It is possible that species 2 may abstract a hydrogen atom from TEOA or BNAH•+ to generate a 

hydride species (with presumptive CN– loss) and that the photosensitizer is observed to generate formate in 

control reactions by an ostensibly analogous mechanism.45 This presumptive hydride species generated by 

2 could also then react with CO2 to give HCO2H. Such reaction pathways are expected to be in competition 

with the disproportionation mechanism and eventual catalysis by 3.  

The proposed mechanism for the photocatalytic reduction of CO2 by MnBr(bpy)(CO)3 based on 

the previous literature18-19 is also presented for comparison (Scheme 2.1). In this reaction scheme, the 

formation of a Mn–Mn bonded dimer is an intermediate step to the formation of a neutral five-coordinate 

radical species from photoassisted bond cleavage. It is likely at this point in the reaction that the 

photosensitizer provides the additional electron required to complete the reduction of CO2. The redox 

potential for [Mn(bpy)(CO)3]•/– has not been directly measured, but when using the structural analogue 

MnBr(6,6′-dimesityl-2,2′-bipyridine)(CO)3, the first reduction becomes a two electron process at –1.55 V 

vs Fc/Fc+ by the prevention of dimerization, suggesting this can be considered the approximate maximum 

potential required to generate the anion.24 
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Scheme 2.1 Proposed mechanisms for the formation of HCO2H and/or CO from the photocatalytic reaction 

with Mn(CN)(bpy)(CO)3 and MnBr(bpy)(CO)3
18-19, respectively.  

In both the DMF-TEOA and MeCN-TEOA solvent systems, the turnover number (TON) for 

HCO2H, CO, and H2 decreased as the concentration of the Mn complex increased (entries 2, 8, 15, and 18). 

This observation is consistent with the proposed mechanism of photocatalytic CO2 reduction involving an 

intermediate disproportionation step, vide infra.28 Two equivalents of Mn(CN)(bpy)(CO)3 are required to 

be reduced by one electron each from [Ru(dmb)3]•+ before a disproportionation reaction yields one 

equivalent each of the active catalyst [Mn(bpy)(CO)3]– and Mn(CN)(bpy)(CO)3. At high concentrations of 

Mn(CN)(bpy)(CO)3 and [Ru(dmb)3]2+, mass transport limitations would be expected to affect this process, 

and limit the overall efficiency. This can be shown in a simplified kinetic description of the overall reaction 

as shown in Scheme 2.2 below. Inhibition by increasing concentration of Mn(CN)(bpy)(CO)3 is an expected 
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consequence of the disproportionation reaction in eqn. 2, if it is assumed to be the rate-limiting step for the 

formation of 3 and the reaction of 3 with CO2 is assumed to be fast relative to k-2. 

 

Scheme 2.2 Simplified description of the elementary steps in photochemical reduction of CO2 by 

Mn(CN)(bpy)(CO)3. 

This mechanism is further validated by the observation that the TON increases when the ratio of 

Ru photosensitizer to Mn complex (entries 1, 2, 7, 8, 13 – 18) is increased. The observed increase in 

catalysis levels off after the ratio of [Ru(dmb)3]2+ : Mn(CN)(bpy)(CO)3 reaches  5 : 1. At this ratio, relative 

to experiments with equimolar amounts of photosensitizer and catalyst (entries 1 – 12), there is a 3.6× 

enhancement in the HCO2H-TON and 2.3× in the CO-TON in the DMF-TEOA system. Likewise, the 

MeCN-TEOA system shows a 1.8× increase in the HCO2H-TON and 2.4× in the CO-TON. As shown in 

Eqn (1) of Scheme 2.2, an increased amount of photosensitized Ru (Ru*) relative to Mn(CN)(bpy)(CO)3 in 

solution could generate more equivalents of the singly reduced species [Mn(CN)(bpy)(CO)3]•− 2 (Scheme 

2.2). Therefore, more equivalents of the active anion [Mn(bpy)(CO)3]– 3, would be formed in Eqn (2), 

resulting in an increase in catalyst TONs [Eqn (3)]. After the optimized ratio is reached, the concentration 

of photosensitizer is no longer a limiting factor and the observed TONs do not change at higher ratios of 

[Ru(dmb)3]2+ : 1.  

Lastly, photodecomposition (mole equivalent of CO ≈ 2 relative to [Mn(CN)(bpy)(CO)3]) in both 

the MeCN-TEOA and DMF-TEOA solvent systems was observed when there was no [Ru(dmb)3]2+, CO2, 

or TEOA present (entries 19 – 31 in Table 2.2). These experiments also showed that [Ru(dmb)3]2+ 

contributed to H2, HCO2H, and CO production, although in a much lower quantity than Mn(CN)(bpy)(CO)3 

(entries 20, 24 and 28).18-19, 46 
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2.2.3 Solvent Effects 

The observation that the photocatalytic system is more selective for CO in MeCN-TEOA than in 

DMF-TEOA (which produces more HCO2H) suggests the possibility of solvent interactions during the 

photochemical mechanism. In control reactions with the DMF-TEOA solvent system (entries 19 – 20, 22 – 

25), we note that there is always a small amount of residual HCO2H which is independent of photocatalysis. 

The lack of residual HCO2H in the absence of TEOA (entries 21 and 26) suggests the TEOA is vital for the 

production of HCO2H in DMF. Furthermore, in the case of entry 22 (a control work-up of entry 23 before 

any irradiation occured), HCO2H was detected by 1H NMR immediately after mixing the solution in the 

dark. No HCO2H was found in the MeCN-TEOA system in analogous experiments. Residual HCO2H is 

only observed from the interaction between DMF and TEOA; this observation is consistent with some 

recent reports: Vos29 and Ishida30 pointed out that DMF hydrolyzes spontaneously to give HCO2H in the 

presence of water or TEOA. A plot (Figure 2.5) of HCO2H-TON vs. the concentration of 

Mn(CN)(bpy)(CO)3 shows high linearity for both the 15 h and 6 h irradiation times in the DMF-TEOA 

solvent system, suggesting that the amount of HCO2H formed from DMF and TEOA interaction is 

insignificant under catalytic conditions. Solvent decomposition alone does not explain the large difference 

in product distribution between the two solvent systems.  

To further understand the role of solvent in product selectivity, cyclic voltammetry (CV) was 

performed both under Ar and CO2 saturation. In Figure 2.1, scans were performed with Mn(CN)(bpy)(CO)3 

(1 mM) and tetrabutylammonium hexafluorophosphate (TBAPF6; 0.1 M) as the supporting electrolyte in 

DMF under argon (Ar) at scan rates from 100 mV/s to 2000 mV/s. The first one-electron, quasireversible 

redox feature is observed at–1.95 V vs. Fc/Fc+ (Epc) with peak-to-peak separation (△Ep) of 74 mV. As 

shown in Figure 2.7, the addition of TEOA to the solution under Ar showed a slight current attenuation 

(0.7×) of the peak current of the first reduction wave (ca. –1.95 V vs Fc/Fc+), which is attributed to dilution. 

When CO2 is present, the peak current increased to 2.1× that observed under Ar. The current enhancement 

is consistent with the catalytic reduction of CO2 by a [Mn(bpy)(CO)3]– active species.28 The process is 
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diffusion-limited as indicated by the linear relationship between the square root of the scan rate and the 

peak current (Figure 2.6). 

 

Figure 2.1 Cyclic voltammetry of Mn(CN)(bpy)(CO)3 under Ar saturation. Conditions: 1 mM 

Mn(CN)(bpy)(CO)3 in 0.1 TBAPF6/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference. 

 

Interestingly, when TEOA was added to dry MeCN, the redox feature became less reversible and 

the peak current showed a slight enhancement (2×) under Ar (Figure 2.8). Such irreversibility is not 

observed in the absence of TEOA.28 The presence of CO2 increased both the irreversibility of the wave and 

the peak current, suggesting that the interaction of MeCN with TEOA and the reduced species is relevant 

at this potential, but not for DMF. This provides important clues for the different product distributions 

between two solvent systems observed during photocatalysis. 
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Figure 2.2 Infrared spectra of Mn(CN)(bpy)(CO)3 at controlled potentials (a) in dry MeCN with TEOA 

under N2, and (b) in dry MeCN with TEOA under CO2.  

Infrared spectroelectrochemistry (IR-SEC) was used to monitor the microscale electrolysis of 

Mn(CN)(bpy)(CO)3 in the DMF-TEOA and MeCN-TEOA solvent systems by IR spectroscopy. IR-SEC 

allows the starting, intermediate, and product species in solution to be characterized as a function of 

potential and time.20, 28 In the experiment, a solution of 4 mM Mn(CN)(bpy)(CO)3  in 0.1 M TBAPF6/MeCN 

or DMF-TEOA (4 : 1) inside the IR-SEC cell was put under catalytic conditions (ca. –1.9 V vs Fc/Fc+) 

over the course of 5 min under Ar or CO2 with glassy carbon as working electrode, platium as counter 

electrode and silver as pseudoreference electrode. When the potential of the IR-SEC cell is shifted stepwise 

from resting to that of the first reduction in MeCN with added TEOA and Mn(CN)(bpy)(CO)3 (~–1.9 V vs 

Fc/Fc+), two new bands appear at 1911 cm–1 and 1810 cm–1 with the concomitant disappearance of the 

original bands (Figure 2.2a), which are assigned to [Mn(bpy)(CO)3]–. A band of low intensity appears 

during reduction at 1990 cm–1, corresponding to the high frequency carbonyl mode of 

[Mn(CN)(bpy)(CO)3]•−. When the MeCN-TEOA solution of Mn(CN)(bpy)(CO)3 is sparged briefly with 

CO2 and this experiment is repeated, a band for CO2 is observed at 2337 cm–1. At the potential of the first 

reduction this band decreases in intensity, consistent with catalytic consumption of CO2 (Figure 2.9). 

Similar to the case when TEOA is present under N2 saturation conditions, the only Mn carbonyl bands 

observed are at 1911 cm–1 and 1810 cm–1, consistent with the formation of the active catalyst species 

[Mn(bpy)(CO)3]–.  
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Figure 2.3 Infrared spectra of Mn(CN)(bpy)(CO)3 at controlled potentials (a) in dry DMF under N2, (b) in 

dry DMF with TEOA under N2, and (c) in dry DMF with TEOA under CO2.  

By comparison, conducting the same experiments in DMF showed a similar redshift of the Mn 

carbonyl stretching modes to the active catalyst at the potential of the first reduction, albeit at a slower rate 

on the experimental timescale (~5 minutes, Figure 2.10 and Figure 2.3a). The singly reduced species, 

[Mn(CN)(bpy)(CO)3]•−, is more stable under these conditions relative to the results in MeCN. The IR bands 

visible at resting potential (2026, 1936, and 1927 cm–1) almost completely shift to lower frequencies (2003, 

1905, and 1893 cm–1) when the cell potential is changed from resting to that of the first reduction (~–1.9 V 

vs Fc/Fc+; ~1 min). Previous computations predicted that in MeCN [Mn(CN)(bpy)(CO)3]•− would have 

observable IR modes at 2010, 1909, and 1895 cm–1; the high frequency mode was experimentally observed 

at 2007 cm–1.28 The presence of TEOA and CO2 decreases the stability of [Mn(CN)(bpy)(CO)3]•−, as 

evidenced by a more rapid shift to [Mn(bpy)(CO)3]− on this timescale (1909 and 1811 cm–1; ~5 minutes). 

In comparison to MeCN-TEOA, however, a more significant amount (as estimated by IR intensity) of the 

singly reduced species is still observed under these conditions.19 This difference in the relative stability of 

[Mn(CN)(bpy)(CO)3]•− in the MeCN- and DMF-based solvent systems could explain the observed product 

selectivities. The higher stability of species 2 observed in DMF would allow more time for competing 

hydrogen atom abstraction pathways involving TEOA or BNAH•+ to generate HCO2H via a Mn hydride 

species.  

The UV-Vis spectra of Mn(CN)(bpy)(CO)3 also revealed the difference of interaction of the 

catalyst and the solvent. As shown in Figure 2.11, upon the addition of Verkade’s base (Vkd base) to 
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solution in the absence of TEOA, the band at ~370 nm diminishes in intensity and broadens, indicating the 

disappearance of Mn(CN)(bpy)(CO)3. On the other hand, there is a slight diminishment observed with the 

addition of TEOA only, likely due to a decrease in the concentration of Mn(CN)(bpy)(CO)3 from dilution. 

Such observation is seen in both MeCN and DMF solvent systems. This is another piece of evidence 

showing the presence of TEOA affecting the reaction of catalyst.  

2.3 Conclusion 

Using [Ru(dmb)3]2+ as a photosensitizer in dry DMF-TEOA or MeCN-TEOA solvent mixtures 

with Mn(CN)(bpy)(CO)3 as a catalyst results in photocatalytic CO2 reduction through an intermediate 

disproportionation mechanism. The formation of HCO2H and CO from CO2 decreases with increasing 

concentration of the Mn complex from 0.1 mM to 1.0 mM, while the formation of products increases with 

a higher ratio of [Ru(dmb)3]2+ : Mn(CN)(bpy)(CO)3. Control reactions have also demonstrated that the DMF 

solvent is not innocent in the formation of HCO2H in the presence of TEOA. Even in the dark, DMF and 

TEOA generate a measurable amount of HCO2H. Supplemental CV and IR-SEC studies indicate that 

although the reduction mechanism in MeCN and DMF is similar, there is an observable difference in 

stability of the [Mn(CN)(bpy)(CO)3]•−. It is clear from these studies that the process of photosensitization 

by [Ru(dmb)3]2+ with BNAH as a sacrificial reductant and the role of TEOA are mechanistically complex 

and require further investigation to rationally optimize the overall reaction.  

2.4 Experimental  

2.4.1 General.  

All reagents were obtained from commercial suppliers and used as received unless otherwise noted. 

Acetonitrile (MeCN) was obtained from a solvent system under argon (Ar); dimethylformamide (DMF) 

and methanol were dried over molecular sieves (3 Å) for three days under N2 prior to use. Triethanolamine 

(TEOA) was stored under N2. Tetrabutylammonium hexafluorophosphate (TBAPF6) was recrystallized in 
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MeOH twice and dried at 90°C before use. Mn(CN)(bpy)(CO)3 was synthesized according to literature 

procedure.28 

1H NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer and NMR 

chemical shifts were referenced to the proton signal of ferrocene. Fourier transform infrared (FTIR) spectra 

were recorded on a ThermoNicolet 6700 spectrophotometer running OMNIC software. Absorption spectra 

were recorded on a CARY 300 Bio UV−Vis spectrophotometer with a quartz cuvette (1 cm pathlength).  

2.4.2 Photochemical Reactions  

A solution of acetonitrile (MeCN) and triethanolamine (TEOA) (~20 mL; 4:1 v/v) or 

dimethylformamide (DMF) and TEOA (~20 mL; 4:1 v/v), which contained Mn(CN)(bpy)(CO)3, 

[Ru(dmb)3]2+ as a photosensitizer, and 1-benzyl-1,4-dihydronicotinamide (BNAH, 0.1 M) as a sacrificial 

reductant was prepared in a 36 mL quartz cell (NSG Precision Cell, Inc.; pathlength = 2 cm) sealed with a 

rubber septum. In the concentration study, solutions containing 0.1 mM, 0.5 mM and 1.0 mM of both 

Mn(CN)(bpy)(CO)3 and [Ru(dmb)3]2+ were prepared and measured. The solution was sparged with dry Ar 

or CO2 gases for 30 minutes prior to irradiation. The solution was irradiated with a 470 nm LED (ThorLabs, 

Inc.; bandwidth FWHM = 25 nm) with temperature maintained at 25.0 ± 0.1oC and constant stirring 

throughout the experiment. The light intensity was measured using a NOVA II power meter.  

2.4.3 Product Analysis from Photocatalysis19 

The gaseous products, H2 and CO, were analyzed by GC-TCD (Hewlett-Packard 7890A Series gas 

chromatograph) with two molsieve columns (30 m × 0.53 mm × 25 μm film). The 1 mL injection was split 

between two columns, which use N2 and He as carrier gases to measure the quantity of H2 and CO, 

respectively. Turnover numbers (TON) for the product were calculated as the moles of product divided by 

the moles of catalyst. 

The liquid products were analyzed by a previously reported 1H NMR (400 MHz Mercury NMR 

Instrument) method12: a known amount of ferrocene (5-8 mg) was added to the irradiated solution in a 5.0 

mL volumetric flask to serve as an internal standard, and the solution was sonicated for 10 minutes. A 1.0 



 

31 

mL syringe was used to transfer a 0.8 mL aliquot of the resulting solution to a 2.0 mL volumetric flask 

containing 0.1 mmol of Verkade’s base (2,8,9-Triisopropyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane, Vkd base). CD3CN was added to the 2.0 mL mark and the resulting 

solution was sonicated for another 10 minutes. The solution was divided into three NMR samples and each 

one was run for 128 scans on a Mercury 400 MHz spectrometer at 298K. The whole work-up process was 

carried out in the dark. The ferrocene peak is usually found at 4.13 ppm while the formate peak is at around 

8.50 ppm (Figure 2.4). The areas of the peaks were integrated using the software Origin. The concentration 

of formate is calculated using a calibration curve made from various ratio of 99% formic acid and ferrocene 

with the same workup procedure (Figure 2.5).  

2.4.4 Cyclic Voltammetry (CV) 

A series of CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy 

carbon  working electrode (BASi), a platinum (Pt) wire couter electrode and a silver/silver chloride 

(Ag/AgCl) wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were 

used in a single compartment cell for all experiments. Experiments were run with and without ferrocene as 

an internal reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 1 mM of 

catalyst, 0.1 M TBAPF6 as supporting electrolyte, and with or without 1.88 M TEOA (solvent : TEOA = 4 

: 1 v/v) unless otherwise noted. The electrolyte was purged with Ar or CO2 for before cyclic voltammograms 

were recorded and stirred between successive experiments.  

2.4.5 Infrared Spectroelectrochemistry  

The experimental method, cell design and setup of the IR-SEC cell have been reported previously.20 

All measurements were made with a Pine Instrument Company model AFCBP1 bipotentiostat. The IR-

SEC cell is composed of GC working electrode, Ag pseudoreference electrode, and Pt counter electrode. 

All potentials were referenced to the pseudoreference Ag/Ag+, ~+200 mV higher than the Fc/Fc+ couple. 

The solution containing 4 mM Mn complex and 0.1 M TBAPF6 in dry MeCN or DMF with or without 

TEOA (solvent : TEOA = 4 : 1 v/v) was sparged with N2 or CO2 and then injected into the IR-SEC cell to 
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form a thin liquid layer for bulk electrolysis. The potential was changed stepwise and the solution was 

monitored with Fourier transform reflectance IR off the electrode surface over time.  

2.4.6 Preparation of Ru(dmb)3(PF6)2  

The photosensitizer, Ru(dmb)3(PF6)2 (dmb = 4,4′-dimethyl-2,2′-bpyridine) was synthesized from 

RuCl3∙xH2O (91.7 mg, 0.169 mmol) and dmb (46.5 mg, 0.255 mmol) according to literature47 and further 

purified by recrystallization with acetone-diethyl ether. All characterization was consistent with previous 

reports; yield: 55.2 mg (34.6%).  
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2.7 Appendix 

 

Figure 2.4 A sample 1H NMR spectrum of the worked-up photocatalytic reaction solution of 1 mM 

Mn(CN)(bpy)(CO)3 under CO2 after 15 h irradiation. The solvent was a DMF-TEOA (4 : 1 v/v) in CD3CN 

solution. The ferrocene reference is at 4.13 ppm while formate is observed at 8.50 ppm. 
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Figure 2.5 The linear fit lines of HCO2H TON vs. catalyst (complex 1) concentration shows high linearity 

for both 15 h and 6 h irradiation. 

 

Figure 2.6 Linear plots of anodic and cathodic currents against square root of scan rate of CV for 1.0 mM 

of complex Mn(CN)(bpy)(CO)3 in 0.1 M TBAPF6 in dry DMF under Ar. 
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Figure 2.7 Cyclic voltammetry of Mn(CN)(bpy)(CO)3 under Ar saturation (black), in the presence of 

TEOA (blue), and under CO2 saturation (red) in dry DMF at 100 mVs−1. Conditions: 1 mM 

Mn(CN)(bpy)(CO)3 in 0.1 TBAPF6/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference. 

 

Figure 2.8 Cyclic voltammetry of Mn(CN)(bpy)(CO)3 under Ar saturation (black), in the presence of 

TEOA (blue), and under CO2 saturation (red) in dry MeCN at 100 mVs−1. Conditions: 1 mM 

Mn(CN)(bpy)(CO)3 in 0.1 TBAPF6/MeCN; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference. 
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Figure 2.9 Infrared spectra of Mn(CN)(bpy)(CO)3 at controlled potentials in dry MeCN-TEOA under CO2. 

Enlarged spectra of the CO2 peak at around 2337 cm-1 shows the decrease in CO2 concentration under 

catalytic conditions (ca. –1.9 V vs Fc/Fc+) over the course of 5 min. 
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Figure 2.10 Infrared spectra of Mn(CN)(bpy)(CO)3 taken at controled potentials in dry DMF-TEOA (4:1) 

under CO2. Enlarged spectra of the CO2 peak at around 2337 cm-1 shows the decrease in CO2 concentration 

at catalytic potentials (ca. –1.9 V vs Fc/Fc+) over the course of 5 min. 
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Figure 2.11 UV-Vis spectra of Mn(CN)(bpy)(CO)3 (1) (A) in dry MeCN with and without Vkd base in the 

absence or presence of TEOA; and (B) in dry DMF with and without Vkd base in the absence or presence 

of TEOA.  
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Chapter 3  

 

Improving Photocatalysis for the Reduction of CO2 

Through Non-Covalent Supramolecular Assembly 

 

3.1 Introduction 

To mimic natural photosynthesis, photocatalytic reduction of CO2 has been extensively 

investigated using transition metal complexes that can act as redox photosensitizers (PS) by transferring 

electrons upon photon excitation and as catalysts (Cat) by accepting electrons and reducing CO2. Re 

bipyridine catalysts have been shown to be excellent electrocatalysts1-3 and photocatalysts4-5 when coupled 

with photosensitizers. In a typical photocatalytic system using Re(dmb)(CO)3Cl (ReDMB, where 4,4’-

dimethyl-2,2’-bipyridine = dmb) as catalyst, Ru(dmb)3(PF6)2 (RuDMB) as photosensitizer, and 1-Benzyl-

1,4-dihydronicotinamide (BNAH) as sacrificial reductant in a solution of N,N-

dimethylformamide/triethanolamine (DMF : TEOA, 5 : 1), the quantum yield is 6.2 % for carbon monoxide 

(ΦCO) and the turnover number for CO (TONCO) is 101 in 16 h6. In order to improve the quantum yield of 

photocatalytic systems, the Ishitani group has studied extensively supramolecular photocatalysts by linking 

different photosensitizers and Re catalysts using short, covalent bridging ligands since 20057-15. They also 
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switched the sacrificial reductant to 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), 

which can serve as a two-electron donor with stronger reducing power compare to BNAH16 (Figure 3.1). 

The catalytic performance of these new systems is greatly improved compared to the separated systems due 

to the acceleration and higher yield of intramolecular electron transfer between the two components, with 

the rate of electron transfer as fast as kET = (1.4 ± 0.1) × 109 s−1 8. Recently, our laboratory estimated that 

the rates of electron transfer (kET) between Ru3O clusters linked by hydrogen bonded pyrimidinones were 

on the order of 1011 s−1 17. There are several reports of the influence of second coordination sphere effects, 

such as hydrogen bonding interactions, on catalysis18-21. Consequently, in this work, we investigate a 

bimolecular system, in which the photosensitizer and the catalyst form hydrogen bonding pairs, to 

determine the effects of non-covalent interactions on photocatalytic performance. 

 

Figure 3.1 Structures of two sacrificial reductants: BIH and BNAH.  

The system composed of Ru(dac)(bpy)2(PF6)2 (RuDAC) (4,4’-bis(methyl acetamidomethyl)-2,2’-

bipyridine = dac, 2,2’-bipyridine = bpy) as the photosensitizer and Re(dac)(CO)3Cl (ReDAC) as the catalyst 

was chosen for this study (Scheme 3.1). A previous electrochemical study of ReDAC indicated the 

formation of a hydrogen-bonded Re−Re dimer in acetonitrile (MeCN)22. In order to fairly assess the effects 

of hydrogen bonding interactions on photocatalysis, a control system composed of Ru(bpy)3(PF6)2 

(RuBPY) and ReDAC was used for comparison (Scheme 3.1). More control experiments were run using 
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Re(bpy)(CO)3Cl (ReBPY) as catalyst with RuDAC and RuBPY as photosensitizers respectively to further 

investigate the influence of hydrogen bonding on photocatalysis. RuBPY has similar reduction potentials, 

UV-vis absorption spectrum, and excited state lifetime as RuDAC.  

 

Scheme 3.1 Experimental and control systems for investigation of hydrogen bonding effects on 

photocatalysis.  

3.2 Results and Discussion 

3.2.1 Cyclic Voltammetry of Photosensitizers 

ReDAC22 and BIH23 were synthesized as reported and RuDAC was synthesized by adapting 

methods in the literature24. In a typical mixed system with the Ru photosensitizer and catalyst as separate 

components, the Ru photosensitizer (Ru2+) is first excited by light and then reduced by a sacrificial reductant 

(D), followed by electron transfer from the singly reduced Ru photosensitizer (Ru•+) to the catalyst25-

26(Scheme 3.2). The latter step (eq. 2 in Scheme 3.2) is driven by the difference between the redox potential 

of Ru•+ and catalyst. To better demonstrate the impact of hydrogen bonding on photocatalysis, the first 

reduction potential of the photosensitizer should be comparable to that of the catalyst so that there is a low 

driving force for electron transfer. In the previous study, ReDAC was reported to display its first reduction 

at −1.77 V (vs. Fc+/0)22. Cyclic voltammograms (CVs) of RuDAC, RuBPY and RuDMB were taken under 

Ar in dry MeCN solutions containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6).  Within 
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experimental error, the CVs of RuDAC and RuBPY display first reduction potentials at −1.76 V, making 

them excellent trial systems comparing hydrogen bonding effects in this study.  Another commonly used 

photosensitizer, RuDMB, has a more negative reduction potential at −1.88 V. The increased driving force 

for electron transfer could mask hydrogen bonding effects. Therefore, RuBPY was chosen to be the control 

for comparison of catalytic performance without a hydrogen bonding interaction.  

 

Figure 3.2 Cyclic voltammograms of 1 mM of RuDAC (red), RuBPY (blue) and RuDMB (black) in dry 

MeCN containing 0.1 M TBAPF6 at scan rate 100 mV/s under Ar. 

 

 

Scheme 3.2 A simplified scheme showing reductive quenching of the Ru photosensitizer (Ru) by sacrificial 

reductant (D) and then the electron transfer from singly reduced Ru to the catalyst (Cat). 
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3.2.2 Photocatalytic Experiments 

A series of photocatalytic studies were performed by irradiating solutions that were 0.5 mM in 

photosensitizer, 0.5 mM in catalyst, 0.1 M in 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole 

(BIH) in dry MeCN or DMF under CO2 or Ar at 470 nm for 4 h. The common practice of using 

triethanolamine (TEOA) as proton source and 1-benzyl-1,4-dihydronicotinamide (BNAH) as sacrificial 

reductant was not adopted in this study as these have hydroxyl or amide groups which are capable of 

interrupting the hydrogen bonding between the photosensitizer and the catalyst. A benzimidazoline 

derivative, BIH, was used as sacrificial reductant in this work as it does not interfere with hydrogen bonds 

(Figure 3.1). The systems in this study work surprisingly well without the added proton source, and it is 

likely due to the disproportionation mechanism of 2 CO2 + 2 e- to CO and CO3
2− or HCO3

− ([H]CO3
[2]−) by 

the ReDAC catalyst22. In MeCN solutions, hydrogen bonds can be formed between amide substituents as 

demonstrated in previous electrochemical studies of ReDAC22.  The photocatalytic reactions were run for 

4 hours only because over half of the BIH was consumed. After 4 hours of irradiation, the RuDAC/ReDAC 

system exhibits a more-than-threefold increase in photocatalytic reduction of CO2 with a higher turnover 

number (TONCO = 100 ± 4) and quantum yield (ΦCO = 23.3 ± 0.8 %) for CO production compared to the 

RuBPY/ReDAC control system (TONCO = 28 ± 4 and ΦCO = 7 ± 1 %) as shown in Figure 3.3 and Table 

3.1. To further test hydrogen bonding as the principal cause for these observations, similar photocatalytic 

studies were done in DMF, a solvent that interrupts hydrogen bond formation. In D (Table 3.1), the 

RuBPY/ReDAC control system displays improvement in catalysis (TONCO = 43 ± 9 and ΦCO = 11 ± 1 %) 

while the RuDAC/ReDAC system displays a decrease in catalysis (TONCO = 79 ± 8 and ΦCO = 18 ± 1 %), 

but it still outperforms the RuBPY/ReDAC system. Thus, the two systems exhibit opposite responses to 

different solvents. The higher activity of the RuDAC/ReDAC system compared to the control system in 

DMF is unexpected, but it is likely due to increased contact surface area between photosensitizer and 

catalyst27. The reason for higher activity of RuBPY/ReDAC in DMF compared to MeCN remains unclear, 

but previous studies show that solvents play important roles in controlling catalytic rates and selectivity25, 
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28-32. Since the RuDAC/ReDAC system behaves in a trend opposite to the control, it is reasonable to 

conclude that hydrogen bonding is the dominant factor influencing differences in performance.  

 

Figure 3.3 Turnover number of CO (TONCO) produced by RuDAC/ReDAC (red) and RuBPY/ReDAC 

(blue) in MeCN (solid line) and DMF (dotted line) solvents. 

Table 3.1 Summary of turnover numbers (TONCO and TONH2), turnover frequency (TOFCO) and quantum 

yield (ΦCO) of experimental studies of 0.5 mM catalyst (Cat) and 0.5 mM of photosensitizer (PS) under 

CO2.  

0.5 mM RuDAC and 0.5 mM ReDAC 

Solvent Time (h) TONCO TOFCO (per h) ΦCO TONH2 TONHCO2- 

MeCN  0.5 14 ± 4 28 ± 7 26 ± 6 % NA NA 

1 31 ± 5 31 ± 5 29 ± 4 % NA NA 

4 100 ± 4 25.0 ± 0.9 23.3 ± 0.8 % NA NA 

DMF 0.5 11 ± 2 22 ± 4 21 ± 3 % NA NA 

1 25 ± 4 25 ± 4 23 ± 3 % NA NA 

4 78 ± 8 20 ± 2 18 ± 1 % NA NA 

0.5 mM RuBPY and 0.5 mM ReDAC 

Solvent Time (h) TONCO TOFCO (per h) ΦCO TONH2 TONHCO2- 

MeCN  

0.5 8.4 ± 0.7 17 ± 1 15 ± 3 % NA NA 

1 13 ± 2 13 ± 2 12 ± 2 % NA NA 

4 28 ± 4 7 ± 1 7 ± 1 % NA NA 

DMF 

0.5 4 ±1 9 ± 2 9 ± 1 % NA NA 

1 11 ± 2 11 ± 2 11 ± 1% NA NA 

4 42 ± 8 11 ± 2 11 ± 1% NA NA 

The formate concentration was below detectable limit of the NMR. 
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3.2.3 Control Studies of Photocatalytic System 

Control studies under Ar reveal no CO or H2 production upon irradiation (Table 3.2). In addition, 

control reactions without ReDAC reveal that RuDAC is a better catalyst than RuBPY in both solvents and 

it performed better in MeCN than in DMF. These observations are similar to the trend seen in the 

RuDAC/ReDAC system, but the absence of the Re catalyst significantly slows down the rate of CO 

formation (Table 3.2). Several control experiments were run using ReBPY as catalyst with RuDAC or 

RuBPY as photosensitizer respectively under catalytic conditions (Table 3.2). The use of RuDAC as 

photosensitizer with ReBPY demonstrates much higher turnover number (72 ± 3 in MeCN and 50 ± 20 in 

DMF) and quantum yields (17.3 ± 0.3 % in MeCN and 12 ± 3 % in DMF) for CO compares to the use of 

RuBPY with ReBPY. Similar to the RuDAC/ReDAC and RuBPY/ReDAC systems mentioned above, this 

is likely due to increased contact surface area between photosensitizer and catalyst27.  

Table 3.2 Summary of turnover numbers (TONCO) and quantum yield (ΦCO) for control studies of 0.5 mM 

catalyst (Cat) and 0.5 mM of photosensitizer (PS) after 4 hours of photocatalysis under Ar or CO2.  

Cat / PS Solvent Gas TONCO TONH2 TONHCO2- ΦCO 

ReDAC/RuDAC MeCN Ar NA NA NA NA 

ReDAC/RuBPY MeCN Ar NA NA NA NA 

RuDAC only MeCN CO2 23 ± 2 0.02 NA 6.0 ± 0.7 % 

RuBPY only MeCN CO2 9.7 ± 0.4 0.02 NA 2.5 ± 0.1 % 

ReBPY/RuDAC a MeCN CO2 72 ± 3 NA NA 17.3 ± 0.3 % 

ReBPY/RuBPY a MeCN CO2 32 ± 5 NA NA 7.3 ± 0.9 % 

ReDAC/RuDAC DMF Ar NA NA NA NA 

ReDAC/RuBPY DMF Ar NA NA NA NA 

RuDAC only DMF CO2 17.6 ± 0.9 NA NA 4.4 ± 0.4 % 

RuBPY only DMF CO2 11 ± 2 0.01 NA 2.7 ± 0.4 % 

ReBPY/RuDAC a DMF CO2 50 ± 20 NA NA 12 ± 3 % 

ReBPY/RuBPY a DMF CO2 18 ± 4 NA NA 5 ± 1 % 

Products below detectable limit are labelled as NA. a Re(bpy)(CO)3Cl (ReBPY) was used as a catalyst with 

RuDAC or RuBPY as photosensitizer. 12CO (2137 cm-1) and [H]12CO3
[2]- (1672 and 1635 cm-1) were 

detected in irradiation condition in Figure 3.4. The higher activity of the RuDAC/ReBPY system compared 

to the control system in DMF is likely due to increased contact surface area between photosensitizer and 

catalyst.  

3.2.4 Analysis of Photocatalytic Products 

In addition to gaseous products, the liquid mixtures were analyzed. No formate is detected with 1H 

NMR (Table 3.2) but appreciable [H]CO3
[2]− are observed with IR. It is known that ReDAC undergoes the 

disproportionation mechanism of 2 CO2 + 2 e- ⇋ CO and CO3
2− in electrocatalysis22. Upon irradiation 
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without a proton source (Figure 3.4), ReDAC is reduced to give the acetonitrile adduct (2020, 1913, and 

1892 cm−1 for 12CO2 and 1972, 1869, and 1849 cm−1 for 13CO2). IR stretches assigned to 12CO (2138 cm−1 

) and 12CO3
2− or H12CO3

− ([H]CO3
[2]−:1672 and 1637 cm−1) were observed as well. Repeating these 

experiments with 13CO2 showed shifts in these bands ([H]CO3
[2]−: 1625 and 1598 cm−1 and 13CO: 2090 cm−1 

), consistent with isotopic labeling22, 33. Similar [bi]carbonate products are observed with RuDAC/ReBPY, 

RuBPY/ReBPY and RuDAC only systems. At the end of 4 h photocatalysis, orange power, which is 

insoluble in MeCN but soluble in methanol (MeOH), were observed in solution. By dissolving it in MeOH 

and measuring its UV-vis absorption and fluorescence, the orange powder is likely to be some kind of Ru 

photosensitizer[bi]carbonate products. The observation of formation of [bi]carbonate products is an 

important evidence that the choice of solvent significantly influences the type of production formation.  

 

Figure 3.4 IR spectra of 3 mM ReDAC, 3 mM RuDAC and 0.1 M BIH solution with 12CO2 (black) and 
13CO2 (red) in dry MeCN showing the formation of reduced carbon products upon irradiation of light at 470 

nm for 10 min. 
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3.2.5 Spectroscopic Analysis of the Photocatalytic System 

Several additional experiments were carried out to understand the origin of the enhancement in 

photocatalytic activity in the RuDAC/ReDAC system compared to RuBPY/ReDAC. Further support for 

hydrogen bonding interactions was gained as contributions arising from discrepancies in light absorption 

by the photosensitizers, faster electron transfer from BIH to the photosensitizer, and other interactions of 

the photosensitizer with the catalyst were ruled out. First, the photochemical properties of the 

photosensitizers were investigated. The UV-visible absorption measurements of the three photosensitizers 

show comparable molar absorptivity at 470 nm, which is the wavelength used for photocatalysis (Table 

3.3 and Figure 3.5).  

 

Figure 3.5 UV-visible spectra of RuDAC (red), RuBPY (blue) and RuDMB (black) in dry MeCN solution. 

The lifetimes of the excited states were measured by Time−Correlated Single Photon Counting 

(TCSPC) with excitation wavelength at 405 nm at room temperature. The lifetimes of excited RuDAC were 

found to be 980 ns and 910 ns in MeCN and DMF respectively (Table 3.3 and Figure 3.11). Since there is 

a range of values for the reported lifetimes of RuBPY34 and RuDMB14, 35, we measured them in this work 
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for consistency (Table 3.3). The photoinduced electron transfer from BIH to Ru photosensitizers is the 

initial process in the photocatalytic CO2 reduction36. To determine the rate of this process, the quenching 

constant (kq) was found by fluorescence lifetime measurements and the following equation37: 

 
𝜏0

𝜏
= 1 +  𝜏0𝜅𝑞[𝑄] = 1 + 𝐾𝐷[Q]                                                (Equation 3.1) 

Here, τ0 and τ are the fluorescence lifetimes without and with the quencher respectively, kq is the 

biomolecular quenching constant, KD is the Stern−Volmer constant for dynamic quenching, and Q is the 

quencher. By plotting the Stern−Volmer relationship (Figure 3.12), the slope was used to calculate the 

quenching rate constant (kq) using 
𝜏0

𝜏
= 1 +  𝜏0𝜅𝑞[𝑄] = 1 + 𝐾𝐷[Q]                                                (Equation 

3.1. The non-zero slope from the plots suggests dynamic quenching between BIH and the Ru 

photosensitizers. While the quenching rates of RuDAC and RuBPY are comparable to each other in MeCN 

and DMF respectively, the rates in MeCN are two to three times higher than those in DMF, indicating a 

faster electron transfer process in MeCN (Table 3.3). 

Table 3.3 Photochemical properties of RuDAC, RuBPY and RuDMB. 

complex 

 
𝜆em (MeCN)  

(nm) a 

𝜆em (DMF)  

(nm) a 

𝜀470 

(L mol-1 

cm-1) 

 𝜏MeCN  

(ns) b 

𝜏DMF  

(ns) b 

𝜅𝑞 (MeCN)  

(M-1 s-1) c 

𝜅𝑞 (DMF)  

(M-1 s-1) c 

RuDAC  613 620 7200 980 910 5.9 ± 0.2 × 109 1.8 ± 0.2 × 109 

RuBPY  609 618 9000 930 930 7.2 ± 0.2 × 109 2.6 ± 0.2 × 109 

RuDMB  618 624 8100 900 790   
a A dry MeCN or DMF solution containing the Ru complex was measured using fluorometer. b The 

fluorescence lifetimes were measured in dry MeCN or DMF using TCSPC with excitation wavelength at 

405 nm at room temperature. c The quenching constants were obtained by the Stern−Volmer plot of 

reductive quenching with BIH in dry MeCN or DMF (Figure 3.12) 

3.2.6 Further Electrochemical Studies of Photosensitizer Properties 

Further electrochemical studies were carried out to examine the interaction between photosensitizer 

and catalyst. RuDAC has three quasi-reversible reduction peaks at −1.76 V, −1.52 V and −2.18 V in MeCN 

and DMF (Figure 3.13) respectively. Similar to other Ru bipyridine complexes38, RuDAC itself exhibits 

current enhancement under a CO2 atmosphere in both solvent systems (Figure 3.14). Addition of ReDAC 

to the cell causes no significant changes to the three reversible reductions of RuDAC. However, as revealed 
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in the CV of RuDAC/ReDAC in MeCN under CO2 (Figure 3.15), the characteristic catalytic peak at around 

-1.8 V vs. Fc+/0 is similar to ReDAC alone in MeCN22, suggesting the formation of the ReDAC dimer. This 

indicates that the presence of RuDAC does not interfere in the catalytic reaction of ReDAC. The absence 

of the ReDAC hydrogen bonded dimer feature in the CV under catalytic conditions in DMF (Figure 3.15) 

also provides clear evidence that DMF disrupts hydrogen bonding.22 

3.2.7 Spectroelectrochemical Studies of Photocatalytic System 

To further test this hypothesis, IR spectroelectrochemistry (IR-SEC) studies were conducted on the 

RuDAC/ReDAC system in MeCN under N2. The complex [ReI(dac)(CO)3Cl] (black) is taken to the first 

reduction potential, the IR exhibits bands consistent with [ReI(dac•)(CO)3Cl]−, [Re0(dac)(CO)3], and 

[Re0(dac)(CO)3]2 (red). If the cell is held at this potential, the dimer [Re0(dac)(CO)3]2 (blue) is formed. The 

IR spectra of Figure 3.6 indicate the formation of the Re−Re dimer from ReDAC as reported in a previous 

electrochemical study22, indicating that RuDAC is unlikely to affect the catalytic mechanism of ReDAC.  

 

Figure 3.6 IRSEC spectrum of 1mM of RuDAC and 1 mM ReDAC in dry MeCN under N2.  
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3.2.8 NMR Studies of the Dimerization Constant 

Using NMR concentration studies, we estimate the association constant (Ka) for the hetero-dimer 

of [ReDAC···RuDAC] to be approximately 300 M−1 in MeCN (Figure 3.8)39, which is close to the self-

dimerization constant (290 M−1) of ReDAC22. Although an approximately statistical mixture of homo- and 

hetero-dimers is expected in the RuDAC/ReDAC system (Scheme 3.3), the hydrogen bonding interaction 

is strong enough to boost catalysis significantly. 

 

Figure 3.7 Determination of hydrogen-bonding constant (Ka) by fitting to a 1:1 dimerization model using 

the NMR software WinEQNMR239. Residuals squared = 3.9 × 10-6. 

3.3 Conclusion 

In conclusion, the findings reported here taken together demonstrate that appending amide groups 

to photosensitizer and catalyst significantly improves photocatalysis in MeCN by enabling hydrogen 

bonding interactions. To the best of our knowledge, this constitutes the first report of successfully utilizing 

hydrogen bonding groups on photosensitizers and catalysts to improve photocatalytic CO2 reduction.  



 

55 

In addition to the significance of non-covalent interactions between photosensitizer and catalyst on 

photocatalysis, several extra important findings were also shown in this work. First, photocatalytic systems 

are able to perform CO2 reduction even with the absence of the Brønsted Acid or Lewis acid. This is because 

an alternate reaction mechanism is able to disproportionate two CO2 molecules to a carbonate molecule and 

a CO molecule. This is an interesting finding since most of photocatalytic CO2 reduction studies were 

performed with proton source4, 6-16, 26, 28-29, 35-36. By simply changing the solvent system, different reduction 

products are obtained. Second, the larger surface area of photosensitizer is likely able to improve the 

electron transfer between itself and the catalyst. As evidence by the cases of ReBPY and ReDAC, the use 

of bulkier RuDAC as photosensitizer considerably outperforms the use of less bulky RuBPY in MeCN or 

DMF.  

A forthcoming study will employ specific hydrogen bond donor and acceptors on photosensitizers 

and catalysts to eliminate self-dimerization effects. Moreover, more work should be done on investigation 

of impacts of solvent choices and surface area of photosensitizers on photocatalysis of CO2 reduction.  

3.4 Experimental 

3.4.1 Preparation and Purification.  

All solvents were obtained from Fisher Scientific. All solvents were deoxygenated and dried over 

alumina columns on a Grubbs style solvent system under an argon atmosphere. All compounds were 

obtained from Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. The 200 

proof pure ethanol was purchased from Koptec. The ferrocene was sublimed prior to use. 4,4’-dicyano-

2,2’-bipyridine was obtained from HetCat and used without further purification. Tetrabutylammonium 

hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from EtOH and dried at 90 oC overnight 

before use in electrochemical experiments. CD3CN was purchased from Cambridge Isotope Laboratories, 

deoxygenated by sparging with argon for 5 minutes, and stored over 3 Å molecular sieves in a nitrogen 

filled glove box.  
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3.4.2 Synthesis of Ru(dac)(bpy)2(PF6)2 (RuDAC).  

Ru(bpy)2Cl2
24 and 4,4’-bis(methyl acetamidomethyl)-2,2’-bipyridine22 were synthesized according 

to the literature. The synthesis of RuDAC was adapted from the literature24. A 100 mL of round bottomed 

flask was charged with Ru(bpy)2Cl2 (357 mg, 0.74 mmol), 4,4’-bis(methyl acetamidomethyl)-2,2’-

bipyridine (100 mg, 0.67 mmol) and 20 mL of ethanol. The solution was refluxed overnight in dark under 

N2 and then cooled to room temperature. An ethanol solution containing AgPF6 (203 mg, 0.80 mmol) was 

added to the mixture and the solution was refluxed for two hours. The resulted solution was filtered through 

basic alumina to remove AgCl and excess AgPF6. The filtrate was evaporated to dryness under vacuum. 

The orange red solid was dissolved in minimal amount (~ 3 mL) of dichloromethane. The concentrated 

solution was added drowpwisely with constant stirring to large excess of diethyl ether (~ 100 mL). The 

precipitated solid was obtained by filtration several times in small fractions and then dried under vacuum 

in a desiccator at room temperature overnight. The product was obtained as deep orange powder (64% 

yield). 1H NMR (CD3CN ) δ 8.87 (2H, s, dac ArH), 8.59 (2H, br s, dac ArCH2NHC(O)CH3), 8.53-8.50 (4H, 

d, bpy ArH), 8.06-8.00 (4H, m, bpy ArH), 7.76-7.70 (4H, dd, bpy ArH), 7.58-7.57 (2H, d, dac ArH), 7.42-

7.35 (4H, dt, bpy ArH), 7.30-7.28 (2H, d, dac ArH), 4.49-4.48 (2H, d, dac ArCH2NHC(O)CH3),  1.98 (6H, 

s, dac ArCH2NHC(O)CH3). ESI-MS (m/z) [M − (PF6)2]2+: calcd 356.09; found: 356.02. 

3.4.3 NMR Data Collection and Analysis.  

1H NMR spectra were recorded on a Varian Mercury plus 400 MHz NMR spectrometer and 13C 

NMR spectra were recorded on a Varian VX 500MHz NMR spectrometer. All NMR data were analyzed 

using MestReNova software. Samples were prepared in acetonitrile-d3 and referenced to solvent residuals 

for 1H and 13C.  

3.4.4 Spectroscopy Data Collection.  

The identity and purity of compounds synthesized were confirmed by Fourier transform infrared 

(FTIR) (Thermo Scientific Nicolet 6700), attenuated total reflection-infrared (ATR-IR) (Bruker Alpha), 

NMR (Varian Mercury 400), and UV−vis (Shimadzu UV-3600 UV−vis−NIR spectrometer). 
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3.4.5 Photochemical Reactions.  

A 10 mL solution of MeCN or DMF, in which contained 0.5 mM of Re(dac)(CO)3Cl as a catalyst, 

0.5mM of [Ru(bpy)3]2+ or [Ru(dac)(bpy)2]2+ as a photosensitizer, and 0.1M of 1,3-dimethyl-2-phenyl-2,3-

dihydro-1H-benzo[d]imidazole (BIH) as a sacrificial reductant, was prepared in a 36 mL quartz cell (NSG 

Precision Cell, Inc.; path length = 2 cm) sealed with a rubber septum. The solution was sparged with dry 

Ar or CO2 gases through a vial containing MeCN or DMF over molecular sieves and a bubbler for 15 min 

prior to irradiation. The solution was irradiated with a 470 nm LED (ThorLabs, Inc.; bandwidth fwhm = 25 

nm) with temperature maintained at 25.0 ± 0.1 °C, and constant stirring throughout the experiment. The 

light intensity was measured using a NOVA II power meter. The light power was stabilized by turning on 

15 minutes prior to photocatalysis and controlled within 1.3 − 1.7 × 10-7 Einstein/s. Each experimental 

condition was repeated three times to obtain the average and standard deviation of the results. 

3.4.6 Product Analysis from Photocatalysis.  

The gas in the headspace of the quartz cell was analyzed at different time points. The gaseous 

products, H2 and CO, were analyzed by GC-TCD (Hewlett-Packard 7890A Series gas chromatograph) with 

two molsieve columns (30 m × 0.53 mm × 25 μm film). The 1 mL injection was split between two columns, 

which use N2 and He as carrier gases to measure the quantity of H2 and CO, respectively. On the other hand, 

the concentration of formate was determined using 1H NMR as reported in literature.25 Turnover numbers 

(TONs) for the product were calculated as the moles of product divided by the moles of catalyst.  

The carbonate product was detected using a SPECAC flow through optical cryostat (model, 21525) 

with a 1.12 mm path length (determined from infringing pattern), CaF2 windowed cell enclosed in a vacuum 

jacketed housing. For solution with 12CO2, it was purged with 12CO2 and then brought in a glove box under 

a nitrogen atmosphere. For solution with 13CO2, it was freeze-pump-thaw twice with 13CO2 with a Schlenk 

line and then brought in the glove box. The solutions were transferred to the SPECAC cell and then 

irradiated with the 470 nm LED system for 10 min. The irradiated solution was analyzed using the FTIR.  
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3.4.7 Cyclic Voltammetry (CV).  

CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy carbon 

working electrode (BASi), a platinum (Pt) wire couter electrode, and a silver/ silver chloride (Ag/AgCl) 

wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were used in a single 

compartment cell for all experiments. Experiments were run with and without ferrocene as an internal 

reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 1 mM of analyte, 0.1 M 

TBAPF6 as supporting electrolyte. The electrolyte was purged with N2 or CO2 for before cyclic 

voltammograms were recorded and stirred between successive experiments. 

3.4.8 Infrared Spectroelectrochemistry.  

The experimental method, cell design, and setup of the IR-SEC cell have been reported 

previously22, 40. All measurements were made with a Pine Instrument Company model AFCBP1 

bipotentiostat. The IR-SEC cell is composed of GC working electrode, Ag pseudoreference electrode and 

Pt counter electrode. All potentials were referenced to the pseudoreference Ag/Ag+, ∼+200 mV higher than 

the Fc/Fc+ couple. The electrolyte was 0.1 M TBAPF6 MeCN solution.  The solution was sparged with N2 

or CO2 and then injected into the IR-SEC cell to form a thin liquid layer for bulk electrolysis. The potential 

was changed stepwise and the solution was monitored with Fourier transform reflectance IR off the 

electrode surface over time. 

3.4.9 Time-Correlated Single Photon Counting.  

Lifetime quenching of RuBPY and RuDAC with BIH was done by taking 2 mL of ~20 µM stock 

solution of the corresponding ruthenium complex and diluting it with various concentrations of BIH to a 

total volume of 4 mL. An 8 mM of BIH stock solution was made and diluted to obtain a total concentration 

of 0.1, 0.2, 0.3, and 0.4 mM in the 4 mL solution. Lifetime measurements were obtained using an IBH 

Fluorocube instrument with a time-correlated single photon counting (TCSPC) method. A 405 nm laser 

excitation source was used for all lifetime measurements at room temperature. 
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3.7 Appendix 

 

Figure 3.8 1H NMR spectrum of Ru(dac)(bpy)2(PF6)2 in CD3CN. The peaks were referenced to residual 

solvent of CD3CN at 1.9400 ppm. 

 

Figure 3.9 Mass spectrum of Ru(dac)(bpy)2(PF6)2 in methanol. 
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Figure 3.10 FTIR spectra of 10 mM of ReDAC/RuDAC, ReDAC and RuDAC in dry MeCN. 

 

 

Figure 3.11 Lifetime measurements of RuDAC, RuBPY and RuDMB in dry MeCN (red) and DMF (blue) 

were collected at room temperature respectively. The excitation wavelength was 405 nm and the emission 

wavelengths were 609 nm for RuBPY, 613 nm for RuDAC and 618 nm for RuDMB. 
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Figure 3.12 Stern−Volmer plot measuring the change of fluorescence lifetime of RuDAC and RuBPY in 

the presence of BIH in dry MeCN and DMF respectively. The excitation wavelength was 405 nm and the 

emission wavelengths were 609 nm for RuBPY, 613 nm for RuDAC. 

 

Figure 3.13 CV of 1mM of RuDAC in dry MeCN or DMF at different scan rates under N2. 
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Figure 3.14 CV of 1mM of RuDAC in dry MeCN or DMF at scan rate 100 mV/s under N2 or CO2. 

 

Figure 3.15 CV of 1mM of RuDAC and 1 mM ReDAC in dry MeCN or DMF at scan rate 100 mV/s under 

N2 or CO2. 
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Scheme 3.3 A schematic representation of statistical mixture of RuDAC and ReDAC homodimers and 

RuDAC/ReDAC heterodimers in the ration of 1 : 1 : 2.  
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Chapter 4  

 

Facile Solvent Free Synthesis of Thin Iron Porphyrin 

COFs on Carbon Cloth Electrodes for CO2 

Reduction 

 

4.1 Introduction 

Global energy demands and climate change have increased interest in the sustainable conversion 

of carbon dioxide (CO2) to liquid fuel precursors like carbon monoxide (CO) via electrochemical 

reduction1, in addition to the photochemical catalysis stated in previous chapters. Since CO2 is both 

thermodynamically and kinetically stable, many molecular catalysts have been explored to reduce CO2 at 

low overpotentials.2-5  

Apart from manganese and rhenium bipyridine catalysts mentioned before, iron porphyrins have 

also been extensively studied in N, N-dimethylformamide (DMF) and shown to be one of the most active 

and selective catalysts for electrochemical CO2 reduction to CO.6-8 Iron(0) porphyrins, which are 

electrochemically generated from  iron(III) porphyrins by three successive one-electron reductions, undergo 



 

69 

an electron-push-pull mechanism with weak Brønsted2 or Lewis acids3 to reduce CO2 at an overpotential 

as low as 220 mV (Fe-o-TMA).9 While molecular catalysts offer the advantage of synthetic tunability to 

optimize the thermodynamics and/or kinetics of substrate activation,4, 10-11 heterogeneous catalysts are more 

readily incorporated into devices such as electrolyzers and fuel cells for large scale applications. Therefore, 

facile, tunable, and robust approaches for immobilizing molecular catalysts such as iron porphyrins to 

electrode surfaces represents a significant goal.  

Numerous methods of attaching molecular catalysts to electrode surfaces have been explored, 

including covalent linkages,12-18 weak physisorption, and electrostatic interactions.19-22 Among these 

methods, π-π physisorption of the aromatic molecular catalysts to carbonaceous materials are of particular 

interest due to the high stability, conductivity and surface area of these electrodes.22-26 Recently, two-

dimensional covalent organic frameworks (COFs), which are composed of covalently linked organic 

molecules, have been shown to be a promising platform for supporting molecular catalysts for CO2 

reduction in aqueous KHCO3 solution.26-30 COFs, designed with careful considerations of size, shape and 

connectivity of building blocks, have high versatility in tuning the porosity of structures and tend to exhibit 

high charge carrier mobilities.31-34 Extensive research has been devoted to the use of cobalt(II) porphyrins 

as the building block for the COFs due to their planarity, high activity, and selectivity.23, 26-27, 35-39 However, 

among the first row transition elements, cobalt metal has relatively low abundance in Earth’s crust and is 

used heavily in the battery industry.40 Iron, being the most abundant transition metal on the Earth, should 

generally be a more sustainable alternative to cobalt in industrial applications.41 Iron(III) porphyrin COFs 

have been used for organic catalysis42, oxygen eveloution43 and hydrogen evolution44-45, but have not yet 

been reported for CO2 reduction.  

Schiff base condensations are commonly used to form strong covalent imine bonds between the 

amino group of the porphyrin and aldehyde group of the organic linkers.46-53 Studies have shown that 

intramolecular hydrogen bonding strengthens the imine group of the COF network, making the COF more 

resistant towards hydrolysis during catalysis.33, 54 Therefore, we chose 5,10,15,20-tetra-(4-
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aminophenyl)porphyrine Fe(III) chloride (FeTAPPCl) and 2,5-dihydroxyterephthalaldehyde (Dha) to be 

the two component building blocks of the COF for our study (Figure 4.1). 

 

Figure 4.1 Proposed structure of FeDhaTph-COF. 

Several previous studies have explored methods to control the thickness, degree of defects, and 

coverage of COFs on surfaces. 26-27, 55 Most COFs are synthesized as powders by solvothermal methods and 

then drop-casted onto electrode surface for catalysis.26-27, 52 In Chang’s earlier work26, only 4% of the cobalt 

sites in the powder were found to be electroactive. Later, thin films of COF-366-Co with 250 nm thickness 

on highly oriented pyrolytic graphite (HOPG) substrates were prepared to ensure that the majority of the 

metal centers in the frameworks were electroactive.27 However, the authors didn’t report the cyclic 

voltammograms of the thin film. Thinner COFs or similar polymeric materials have been shown to exhibit 

properties than the thicker films.25, 56-59  Homogeneous electrocatalysis usually is performed using 

millimolar concentrations of catalyst, of which only a small portion in the diffusion layer participates in the 

electrochemical process. Thin films of heterogenized electrocatalysts offer lower loading on the order of 

nanomoles of catalyst per square centimeter, and almost all of this can be electroactive on the surface.25 As 
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such, catalysis is then no longer dependent on the diffusion of catalyst, but only limited by the diffusion of 

substrate to the electrode surface. Furthermore, heterogenized electrocatalysts are not limited by solubility 

of the catalysts and can be used in a variety of solvents.  

In order to make thin films of COFs from iron porphyrins, we employed a facile, solvent free 

synthesis method adapted from other COF syntheses for STM studies. 51, 60-66 This ‘bottom-up’ approach 

offers the possibility to fabricate highly ordered COFs with controlled pore size and orientation.64 In this 

method, the precursor molecules are introduced to the substrate surface dissolved in compatible volatile 

solvents, and then air-dried. At this point, the precursor molecules have not reacted chemically to produce 

COF. The dry samples are then heated to assemble the COFs. Since no solvent is involved during synthesis, 

precursors with various solvent solubilities are able to combine to form layers of COF networks on smooth 

surfaces like gold or HOPG51, 60-66 as well as more complex surfaces like carbon cloth, as reported here. 

This work demonstrates a potential application of monolayer COF films coating surfaces of electrical 

devices, e.g. photovoltaic cells and fuel cells, for other electrochemical processes. 

4.2 Results and Discussion 

4.2.1 Preparation of FeDhaTph COF electrodes. 

In this study, FeDhaTph-COF coated electrodes were prepared according to previously established 

methods.51, 60-66 The optimal concentrations of iron(III) porphyrins and Dha solutions to form the COF with 

strongest electrochemical signals are found to be in 10-3 M range instead of 10-4 M suggested in many other 

studies. This is likely attributable to the high surface area of carbon cloth compared to smooth surfaces of 

gold and HOPG. The stoichiometric ratio of iron(III) porphyrins and Dha is approximately 1 : 2 and excess 

Dha has no significant improvement on the electrochemical performance of the COF. In addition, 

significant excess heating time leads to deactivation in catalytic activities of the FeTAPPCl and COF 

electrodes. A lower heating temperature (~ 120 oC) required longer heating time (3 hours). Therefore, all 

the electrodes used in chemical and electrochemical studies were synthesized by the optimal conditions 
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described in the experimental section. It can be seen from the SEM images (Figure 4.2) that FeDhaTph-

COF formed a homogeneous thin film on the Si wafer.  

 

Figure 4.2 SEM images of FeDhaTph-COF thin film on Si wafer. 

4.2.2 X-ray Photoelectron Spectroscopy (XPS) studies.  

 

 
  

   

Figure 4.3 High resolution XPS spectra of N1s signals: (a) FeTAPPCl, (b) FeDhaTph-COF and (c) 

FeDmaTph-COF on Au surfaces.  
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XPS yields N1s spectra with the binding energy specific to the nitrogen chemical and local 

electronic environment and hence studies the formation of 2D-COF structures. In Figure 4.3, the gray lines 

represent experimental data after background subtraction. The black dashed lines represent the simulated 

envelope resulting from the colored overlapping components. The molecular structures of N species are 

shown below the figure depict the molecular configurations of the different N electronic environments. 

Figure 4.3a shows the N1s spectrum of a film of unreacted FeTAPPCl on gold surface. This control sample 

is modelled with two components at 398.7 and 400.0 eV respectively. The green component (398.6 – 398.8 

eV) is in agreement with the four N atoms coordinated to the central FeIII 67-68, while the blue component 

(399.8 – 400.0 eV) is consistent with amine groups69-70. The red component observed at 401.1 – 401.7 eV 

corresponds to the satellite peaks of porphyrins (401 – 402 eV)70-71.   

Figure 3b shows XPS spectra of FeDhaTph-COF. There is a new intense peak apparent at 400.5 

eV, which indicates the hemiaminal formation69-70. The blue component has a moderate decrease from 48% 

to 25%, while the green component remains at around 51% (Table 4.2). This drop in the amine groups is 

consistent with the formation of hemiaminal groups in FeDhaTph-COF. Despite the imine groups having a 

similar range of energy (398.5 eV)72 as pyrrolic nitrogens, there is no increase in the green component in 

FeDhaTph-COF. One possible reason is that the nitrogen in the imine bond has shifted to higher energy 

due to the intramolecular hydrogen bonding with the hydroxyl group. To test this hypothesis, FeDmaTph-

COF (Figure 4.20) was synthesized and analyzed by XPS. The only difference between FeDmaTph-COF 

and FeDhaTph-COF is the replacement of the hydroxyl group with a methoxy group, eliminating the 

formation of intramolecular hydrogen bonds in FeDmaTph-COF. As expected, Figure 3c shows a decrease 

in peak area of the amine groups from 48% to 16%, which corresponds to the increase in the green 

component from around 51% to 61% and the appearance of the orange component (24%). The peak 

components of FeDmaTph-COF are in close agreement with to those reported by Hu et al70.  The XPS 

spectrum of FeDmaTph-COF (Figure 4.3c) shows that a large portion of the amine groups of FeTAPPCl 

are converted to imine bonds and hemiaminal groups. In the case of FeDhaTph-COF (Figure 4.3b), the 

intramolecular hydrogen-bonded imine groups have binding energies shifted by around 1 eV to around 
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399.8 eV, leading to a smaller reduction in the blue component compared to FeDmaTph-COF (Figure 

4.3c). Such energy shifts by intramolecular hydrogen bonds is larger than intermolecular hydrogen bonding 

(~ 0.6 eV)73 and smaller than protonated imine bonds (~ 2 eV)73-74 as reported in literature.  

4.2.3 Stability of COFs by leaching test. 

 

Figure 4.4 UV-vis spectra of soaking THF solution of carbon cloth electrodes synthesized with FeTAPPCl 

only (blue); and with FeTAPPCl and Dha (red). 

A goal of this study was to show that the formation of COFs by FeTAPPCl and Dha would prevent 

FeTAPPCl molecules from detaching from the surface of carbon cloth. Hence, FeTAPPCl coated carbon 

cloth electrodes with and without Dha, respectively, were re-soaked in a THF solution to measure the 

amount of leached FeTAPPCl. At the peak of the Soret band (424 nm), the absorbance of the solution 

exposed to carbon cloth with only FeTAPPCl is 0.424 while that of carbon cloth with FeTAPPCl and Dha 

is 0.00818. Using Beer’s law, the concentrations of FeTAPPCl were determined to be 4.3 μM and 0.086 

μM, respectively. As a total of 40 μL of 1 mM of FeTAPPCl solution was added to each of the electrodes, 

3.2% of FeTAPPCl is detached from the carbon cloth electrode without Dha linkers while only 0.061% of 
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FeTAPPCl is leached from the electrode with added Dha solution. The trace amount of FeTAPPCl leached 

from the COF is likely due to incomplete COF formation. Therefore, in the presence of Dha linkers, 

FeTAPPCl films are at least 50 times more stable on carbon cloth electrodes. This is indirect evidence of 

the formation of COFs on the electrode surface, whereas common characterization methods for COFs, e.g. 

powder XRD, SEM and FTIR, are not sensitive enough to observe the very thin layers of COFs, that were 

the subjects of this study.  

4.2.4 Cyclic Voltammetry (CV) of homogeneous FeTAPPCl in DMF and MeCN. 

 

Figure 4.5 Scan rate studies of 0.5 mM FeTAPPCl solution in dry DMF and 0.25 mM FeTAPPCl solution 

in dry MeCN containing 0.1 M TBAPF6 under Ar respectively. 

The polymerization of FeTAPPCl has been reported by repeated CV scanning,75 thus, the glassy 

carbon electrode was polished and the counter Pt wire was heated to red-hot to remove any possible 

porphyrin deposition on the electrodes before each scan. The peak current is obtained by subtracting the 

capacitive current from the peak of current. In the absence of CO2 in dry DMF, FeTAPPCl displays three 

successive peaks at -0.284 V, -1.177 V and -1.843 V, assigned as the Fe(III/II), Fe(II/I) and Fe(I/0) redox 

couples, respectively (Figure 4.6a). The Fe(III/II) couple has a peak-to-peak separation of 226 mV, larger 

than the separation of other two couples (56 mV and 66 mV respectively). This is likely due to chloride 

dissociation and association and is affected by scan rate and solvent environment. As shown in scan rate 
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studies (Figure 4.5), this separation increases with higher scan rate. Under CO2 (Figure 4.6b), FeTAPPCl 

exhibits a slight current enhancement at the third reduction with icat / ip = 1.4. When 4 % TFE was added 

into the CO2-saturated solution (Figure 4.6b), FeTAPPCl shows augmented catalytic current (icat / ip = 63). 

This observation is consistent with reported behavior of other iron porphyrin complexes.2, 7-9, 76-77 

 

Figure 4.6 Cyclic voltammograms of 0.5 mM of FeTAPPCl in dry DMF solution under nitrogen (a) and 

under CO2 with added TFE (b) at scan rate 100 mV/s. CVs of 0.25 mM of FeTAPPCl in dry MeCN solution 

under nitrogen (c) and under CO2 with added TFE (d) at scan rate 100 mV/s. 

CV studies of FeTAPPCl were also performed in dry MeCN. Due to limited solubility of 

FeTAPPCl in MeCN, a solution of only 0.25 mM FeTAPPCl was used. Similar to CVs in dry DMF, three 

peaks at -0.257 V, -1.20 V and -1.81 V are assigned to be the three successive Fe(III/II), Fe(II/I) and Fe(I/0) 

redox couples, respectively (Figure 4.6c). Despite the irreversibility of the second redox couple, there is 

no observable polymerization upon several scans under Ar and the internal standard ferrocene peak was 
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fully reversible. Surprisingly, FeTAPPCl reaches maximal current enhancement (icat / ip = 104) at -1.77 V 

(vs Ag/AgCl) in the presence of only 1% TFE under CO2 (Figure 4.6d). The rapidly decaying peak rather 

than stable plateau of the catalytic current (Figure 4.6d) is observed, which is also shown by other iron(III) 

porphyrin catalysts8, 78, because of secondary phenomena such as the rapid substrate depletion, inhibition 

by products, and deactivation of the catalysts8, 79-80. In agreement with recent work by Warren group81, 

MeCN appears be a very good solvent for CO2 reduction by iron porphyrins. 

4.2.5 Cyclic Voltammetry of FeTAPPCl and FeDhaTph-COF on carbon cloth in MeCN and 

DMF.  

MeCN was chosen as the solvent due to lower solubility of FeTAPPCl in MeCN and higher 

observed catalytic CO2 reduction current densities in MeCN compared to DMF. In order to remove the 

loosely bound FeTAPPCl molecules on the electrode surface, the electrode was transferred to a fresh 

electrolyte solution after three CV scans at 100 mV/s in the first electrolyte solution. The current is stable 

after the second CV scan without further decrease (Figure 4.24). All of the CV data shown in Figure 4.7 

were collected in the fresh electrolyte solution. The three typical redox couples of the FeTAPPCl electrode 

are observed as in homogeneous solutions (Figure 4.7b). Fe(II/I) and Fe(I/0) redox couples here are very 

similar to the homogeneous case, however, the Fe(III/II) potential shifts from -0.284 V to ~ -0.450 V, and 

the peak-to-peak separation increases to 640 mV. A possible reason for such a shift and separation might 

be chloride dissociation/association during the Fe(III/II) redox process when the FeTAPPCl molecules are 

on the electrode surface. Scan rate studies were performed with an increment of 25 mV/s (Figure 4.7b). 

The linear plot of reductive current of the Fe(I/0) couple against scan rate suggests that the Fe sites are 

attached to the electrode surface. The discrepancy in the slope also suggests quasi-reversibility. The 

FeTAPPCl electrode shows current enhancement under CO2 and a larger current (icat / ip = 33) at – 1.91 V 

vs. Ag/AgCl in the presence of TFE under CO2. However, the catalytic peak current drops notably in the 

second scan (Figure 4.7a), implying instability of the attached FeTAPPCl molecules under catalytic 

conditions. 
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Figure 4.7 (a) Cyclic voltammograms of a FeTAPPCl electrode in dry MeCN solution of 0.1 M TBAPF6 

under nitrogen, and under CO2 with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the FeTAPPCl 

electrode under nitrogen. (c) Linear plot of reductive current of Fe(I/0) couple the FeTAPPCl electrode 

against the scan rate. 

 

Figure 4.8 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry MeCN solution of 0.1 M 

TBAPF6 under nitrogen, and under CO2 with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the 

FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive current of Fe(I/0) couple of the 

FeDhaTph-COF electrode against the scan rate. 

As a comparison, similar CV measurements were performed on the FeDhaTph-COF electrode in a 

new vial of electrolyte solution (Figure 4.8). The peak sizes of the three redox couples are significantly 

larger than those of the FeTAPP coated electrode, indicating the presence of more Fe centers on the 

electrode surface. The scan rate studies also reveal the linear relationship of the reductive and oxidative 

peak currents of the Fe(I/0) couple and the corresponding scan rates, which is indicative of a non-diffusive 

surface bound species. However, the quasi-reversible Fe(I/0) couple indicates that the oxidation takes place 

at a lower rate than reduction. We attribute this observation to side reactions such as residual proton 

reduction or differences in electron transfer kinetics in the film. The FeDhaTph-COF electrode shows 

comparable catalytic currents than the FeTAPPCl electrode. Interestingly, its catalytic activity (icat / ip = 24) 
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is lower that of the FeTAPPCl electrode despite its slightly higher current density. One possible explanation 

is that the rigidity of the COF framework hinders the structural changes of FeTAPPCl during catalysis, 

leading to lower activity. Surprisingly, most DFT calculations are focused on the electronic configurations 

of iron porphyrins during catalysis82-84, and no work has been done on the structural changes of porphyrin 

rings. In addition, greater numbers of layers of the COF compared to adsorbed FeTAPPCl, as revealed in 

ip value, obstruct the accessibility to substrate in bulk solution. It therefore follows that with the addition of 

Dha and FeTAPPCl on carbon cloth, the result is a higher number of electroactive Fe centers compared to 

the addition of FeTAPPCl alone to the electrode. The Fe centers of the FeDhaTph-COF survive on the 

surface of the electrode even with the structural changes of the porphyrins during redox reactions, e.g. the 

disturbance of ring planarity and chloride dissociation.6, 82, 85-87 However, the higher catalytic activity of the 

FeTAPPCl electrodes suggests that both quantity and activity play important roles in overall electrocatalytic 

properties.  

 

Figure 4.9 (a) Cyclic voltammograms of a FeTAPPCl electrode in dry DMF solution of 0.1 M TBAPF6 

under nitrogen, and under CO2 with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the FeTAPPCl 

electrode under nitrogen. (c) Linear plot of reductive current of Fe(I/0) couple the FeTAPPCl electrode 

against the scan rate. 
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Figure 4.10 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry DMF solution of 0.1 M 

TBAPF6 under nitrogen, and under CO2 with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the 

carbon cloth FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive current of Fe(I/0) couple 

of the FeDhaTph-COF electrode against the scan rate. 

To investigate the solvent effects on the behavior of the electrodes, analogous CV studies were 

conducted in DMF (Figure 4.9 and Figure 4.10). A larger portion of FeTAPPCl could be washed off by 

rinsing the electrodes with DMF, which was also reflected in the diminished ip of Fe (I/0) couple. In DMF, 

the FeTAPPCl electrode displayed a lower catalytic current (icat / ip = 21) than the MeCN system. Similar 

to the MeCN system, the FeDhaTph-COF electrode had higher peak current density but lower icat / ip (~11) 

than the FeTAPPCl electrode. While there is a 200 mV positive shift of the catalytic potential in DMF (– 

1.70 V vs. Ag/AgCl), the electrodes exhibit lower catalytic current than those in MeCN.  

The surface concentration of electroactive Fe sites was determined by cyclic voltammetry at slow 

scan rate (50 mV/s). The surface concentration, Γ, is calculated using the following equation:  

Γ =  
𝑄𝐶𝑉

𝑛𝐹𝐴
  26  (Equation 4.1) 

Where n is the number electrons transferred for the redox couple (n = 1), F is the Faraday constant, 

and A is the surface area of the electrode. Integration of the peak area in CV under the Fe(I/0) reduction 

wave gives the charge passed, QCV to reduce Fe (I) to Fe (0). The electroactive surface area of carbon cloth 

was determined by a scan rate study of Fc (I/0) couple in dry MeCN. Using the above method, the surface 

concentrations of Fe sites of the FeDhaTph-COF electrodes in MeCN and DMF are determined to be 1.2 ± 

0.2 nmol cm-2 and 1.0 ± 0.6 nmol cm-2 respectively. Considering the size of one unit of FeDhaTph-COF to 
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be ca. 6.25 nm2,63, 66, there is approximately 40 to 50 layers of COF on the electrode in MeCN and DMF 

respectively. Unsurprisingly, the FeTAPPCl electrodes, which have smaller peak size of redox couples in 

CVs, has a lower surface concentration of 2.2 ± 0.4 × 10-10 mol cm-2 and 9 ± 2 × 10-11 mol cm-2 in MeCN 

and DMF respectively. As the size of FeTAPPCl molecule can be 1.69 nm2 or 3.24 nm2 depending on 

packing direction, there are only one to four layers of electrochemically active FeTAPPCl molecules. 

4.2.6 Controlled Potential Electrolysis (CPE) studies. 

 

Figure 4.11 Number of mole of CO and H2 (red for FeDhaTph-COF electrode and blue for FeTAPPCl 

electrode) in the three hours of CPE in MeCN (a) and DMF (d). FeDhaTph-COF electrode and FeTAPPCl 

electrode have their Faradaic efficiencies of CO and H2 plotted during CPE in MeCN (b and c) and DMF 

(e and f) respectively. 

In controlled potential electrolysis performed in CO2-saturated MeCN solution with 0.5 M TFE 

under applied potential at  2.2 V (vs. Ag/AgCl), CO and H2 are observed as the major products. The blank 

carbon cloth electrode gives 30% Faradaic efficiency for hydrogen and no observable CO production. A 

less negative applied potential (– 2.1 V compared to – 1.9V to vs. Ag/AgCl) leads to more hydrogen 

production. The average electrolysis current density is approximately 0.5 mA per cm2 (geometric area) of 

carbon cloth electrode, with a gradual drop in current over time (Figure 4.25). Both of the COF electrode 
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and control electrode show significant decrease in catalytic current density after three hours of CPE in 

MeCN (Figure 4.28). Turnover frequency (TOF) was calculated by the number of moles of gas product 

produced over the number of moles of electroactive Fe centers on the electrode surface per hour. Initially, 

a FeDhaTph-COF electrode displays a TOFCO of 800 h-1 per mole of Fe site in the first half hour and an 

average of 600 h-1 over three hours. The COF is rather selective for CO2 reduction over hydrogen 

production, with high Faradaic efficiency for CO (FE > 90% initially and FE > 70% after 3 hours). Even 

with the decrease in performance in prolonged electrolysis, it is still an efficient electrochemical carbon 

dioxide reduction catalyst. To date, this is the first reported COF used for CO2 reduction in MeCN. The 

FeTAPPCl electrode, owing to lower loading and easier detachment of Fe sites on the surface, has higher 

TOFCO (an average of 1300 h-1 per mole of Fe site over three hours) but lower FECO (~50% over three hours) 

than the FeDhaTph-COF electrode during electrolysis. This suggests that free FeTAPPCl on carbon cloth 

is an active CO2 reduction catalyst. Incorporating FeTAPPCl into the COF increases the catalyst loading 

on the electrode surface and hence total amount of product produced (Figure 4.11a).  

CPE experiments conducted in DMF at – 2.1 V vs. Ag/AgCl revealed an overall decreased 

selectivity for CO production (Figure 4.11e  f). Both electrolysis of FeDhaTph-COF and FeTAPPCl 

electrodes generates more hydrogen than CO and also leads to significant decrease in catalytic current 

density after CPE in DMF (Figure 4.28). We explored the cause for this observation by ICP-OES in the 

following section. Lowering the applied reduction potential to less than – 2.1 V vs. Ag/AgCl also disfavors 

CO production. Considering the overall yield of CO2 reduction to CO, the FeDhaTph-COF electrode works 

better in MeCN than in DMF. The blank carbon cloth electrode under the same catalytic conditions has 

100% Faradaic efficiency for hydrogen production.  

Controlled potential electrolysis of the FeDhaTph-COF electrode was also performed in aqueous 

solution of 0.5 M KHCO3 at -1.3 V (vs Ag/AgCl(3M NaCl)) (Figure 4.26). However, H2 is the major product 

(FEH2 > 80% and FECO < 20%) and CO production decreases at a faster pace than electrolysis in MeCN 

under these conditions. Hydrogen production prevails in water possibly because of proton reduction by the 

exposed carbon cloth at the center of COF unit cells outcompeting Fe COF based reduction of CO2.  
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In view of the significant differences in product selectivity in MeCN and DMF, as well as the 

declination in catalytic activity over time, several experiments were conducted to explore the reasons 

leading to these observations.  

4.2.7 Possible reasons for declined catalytic activities. 

ICP-OES analysis (Table 4.1) was carried out on different electrodes before and after 3 h 

electrolysis to determine leaching problems. With 2.22 ± 0.02 nmol / cm2 of Fe on the FeDhaTph-COF 

electrodes and 1.2 ± 0.2 nmol cm-2 of them being electroactive in MeCN, roughly half of the Fe sites in the 

COF are electroactive, which is a significant improvement compared to 4 – 8% of electroactive Co in 

powder form26.  

Table 4.1 Concentration of Fe sites of FeDhaTph-COF, FeTAPPCl and blank electrodes before and after 

3h electrolysis in MeCN and DMF. a The concentrations of Fe are below detection limit. There is no 

detectable Fe concentration in the blank carbon cloth before and after CPE. 

Solvent Sample 
Concentration per mg carbon 

cloth (ppb / mg) 

Concentration per cm2 carbon 

cloth (nmol / cm2) 

MeCN 

FeDhaTph-COF_beforeCPE 11.3 ± 0.1 2.41 ± 0.02 

FeDhaTph-COF_afterCPE 10.4 ± 0.1 2.22 ± 0.02 

FeTAPPCl_beforeCPE 10.34 ± 0.09 2.22 ± 0.02 

FeTAPPCl_afterCPE 2.84 ± 0.04 0.608 ± 0.008 

DMF 

FeDhaTph-COF_beforeCPE 11.5 ± 0.1 2.47 ± 0.03 

FeDhaTph-COF_afterCPE 3.55 ± 0.03 0.760 ± 0.007 

FeTAPPCl_beforeCPE 7.91 ± 0.09 1.70 ± 0.02 

FeTAPPCl_afterCPE 0.4 ± 0.1 0.08 ± 0.02 

 

 It is clear that the adsorbed FeTAPPCl adheres to electrodes better in MeCN than in DMF as both 

rinsing by DMF and electrolysis in DMF caused greater drops in Fe concentration compared to the samples 

treated with MeCN. This discrepancy in solubility explains the distinct difference in Faradaic efficiency for 

CO and H2 by the FeTAPPCl electrode in DMF and MeCN (Figure 4.11c and Figure 4.11f). Interestingly, 

with the estimated concentration of electroactive Fe sites, 30% (MeCN) to almost all of the FeTAPPCl 

(DMF) that remained on the electrode surface are electroactive. In general, the FeDhaTph-COF electrodes 

retain more Fe than the FeTAPPCl electrodes in both MeCN and DMF (Table 4.1). The FeDhaTph-COF 

electrode shows a much smaller reduction in Fe concentration after electrolysis in MeCN compared to 
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DMF, likely due to lower solubility of FeTAPPCl and/or higher stability of the COF network in MeCN. 

We attribute these observations to be the reasons for higher CO production by the FeDhaTph-COF 

electrodes in MeCN.  

The possibility of catalyst poisoning was ruled out by a cyclic voltammetry study under carbon 

monoxide. In Figure 4.27, the FeDhaTph electrode displayed good catalytic activity under CO2 after 

repeated scans from 500 mV to – 2200 mV after 5 min purging with CO in dry MeCN. There is also no 

significant current drop during CV scans under CO compared to that under Ar. Along with the ICP-OES 

results, a likely explanation for the decreased catalytic activity of the FeDhaTph-COF electrodes is the 

degradation of the organic portion of the COF network.  

N1s XPS analysis of the post-CPE electrodes (Figure 4.12b) shows substantial decrease in the 

pyrrolic nitrogens. While the amine groups and hemiaminal groups remained persistent after electrolysis, 

the COF network seems to be able to survive the catalytic conditions. The exact reason for the loss of 

catalytic activity remains unclear, but it appears to be the degradation of the porphyrin part of the COF 

network88. DFT calculations may be helpful to determine the effects of restricted flexibility on the stability 

of iron porphyrins during catalysis. 

 

Figure 4.12 Additional N1s XPS spectra of FeDhaTph-COF on carbon cloth (a) before and (b) after 2h 

CPE at – 2.2 V vs. Ag/AgCl in MeCN under CO2. The N1s spectrum of TBAPF6 (c) is also included. 

Residual TBAPF6 is found in FeDhaTph-COF electrode after CPE even after thorough rinsing with MeCN. 

The F1s signals overlap with the Fe2p signals. 

Further research should be undertaken to investigate on the degradation of COF networks and 

develop more robust COF thin films on electrodes.  More planar metal porphyrins, e.g. cobalt (II) 
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porphyrins and copper (II) porphyrins, may be better choices for generating stronger COFs attached to 

electrode surfaces, as there is less puckering of the porphyrin ring upon reduction during catalysis, and this 

may improve structural integrity. Bimetallic systems may also be prepared by incorporating organometallic 

species as the linker group, providing extra sites for catalysis.53 Diercks et al27 attempted to grow COF-366-

Co on HOPG, the study showed that the COF prefers the perpendicular orientation rather than the coplanar 

orientation relative to the graphite layers. Methods should be developed to control the orientation of the 

COF for better conductivity and structural stability.89  

4.3 Conclusion 

We have carried out an investigation of electrochemical properties of COFs consisting of iron(III) 

porphyrins synthesized with a facile and green solvent-free method on carbon cloth electrodes. 

Electrochemical characterizations of the FeDhaTph-COF electrode reveal the resemblance of the three 

redox couples of Fe(III/II), Fe(II/I) and Fe(I/0) to the molecular FeTAPPCl catalyst in MeCN solution, and 

considerable catalytic activity in the presence of 4% TFE under CO2. The FeTAPPCl electrodes show 

higher catalytic activity in cyclic voltammetry but the COF network helped retaining the FeTAPPCl 

molecules, leading to greater CO production during electrolysis in both MeCN and DMF systems. In 

controlled-potential studies, the FeDhaTph-COF electrode exhibits catalytic activity for CO2 reduction to 

CO, with good TOF (> 600 h-1 per mol of electroactive Fe) and fair Faradaic efficiency (average of 80%) 

when observed over three hours in MeCN with 0.5 M TFE. Surface XPS and ICP-OES studies demonstrate 

that the COF network retains FeTAPPCl molecules on the electrodes and then survives the catalytic 

conditions. This is the first study showing the use of COF thin films for CO2 reduction in MeCN or DMF, 

opening a door for coating COF films on electronic devices for electrochemical applications.  

4.4 Experimental 
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4.4.1 Materials.  

N, N-dimethylformamide was stored over 4 Å molecular sieves under nitrogen. Other solvents were 

obtained from Fisher Scientific and were degassed with argon, dried over alumina, and dispensed by a 

custom solvent system. 

Pyrrole (Aldrich), p-nitrobenzaldehyde (Aldrich), SnCl·2H2O (Alfa Aesar), sodium hydroxide 

(Fisher), 37% HCl (Fisher), 70% trace metal grade HNO3 (Fisher Chemical), ACS Grade 30% H2O2 

(Columbus Chemical Industries, INC), 2,5-dimethoxyterephthalaldehyde (Aldrich), carbon monoxide 

(Praxair) and trifluoroethanol (Sigma Aldrich) were purchased from commercial sources and used without 

further purification. Silver paint 503 was purchased from Electron Microscopy Sciences. Loctite 9460 

Hysol Epoxy Adhesive was purchased from Loctite. Carbon cloth (99.5% carbon) was purchased from Fuel 

Cell Earth LLC. Carbon dioxide and argon were purchased from Airgas. Si wafers were purchased from 

Silicon Valley Microelectronics, Inc.  

Electrochemical measurements were collected with a BASi Epsilon electrochemical system. 

Ag/AgCl reference electrodes were purchased from BASi and stored in a MeCN or DMF solution 

containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) before use. The identity and purity 

of compounds synthesized were confirmed by FT-IR (Thermo Scientific Nicolet 6700), ATR-IR (Bruker 

Alpha), NMR (Varian Mercury 400) and UV-vis (Shimadzu UV-3600 UV/ vis/NIR spectrometer). 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) data were collected with Perkin 

Elmer Optima 3000 DV ICP-OES. X-Ray Photoelectron Spectroscopy (XPS) were measured with SSF-

Kratos AXIS-SUPRA.  

4.4.2 Preparation of carbon cloth electrodes. 

The carbon cloth was soaked in 6 M HCl overnight to remove trace metal impurities, rinsed 

thoroughly with Milli-Q water, sonicated in THF for 15 minutes, and then dried in an oven at 140 oC before 

use. Silver paint was used to attach the Sn/Cu wire to the carbon cloth and an epoxy was used to insulate 

the Sn/Cu wire and the silver paste. The electrodes were air-dried overnight.  
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4.4.3 Preparation of FeDhaTph-COF on carbon cloth electrodes. 

FeTAPPCl42, 90-91 and 2,5-Dihydroxyterephthalaldehyde (Dha)92-93 were synthesized according to 

literature procedures. The synthesis of FeDhaTph-COF on carbon cloth electrodes was adapted from the 

literature. 51, 60-66   A carbon cloth electrode was dipped into a THF solution of 1 mM FeTAPPCl and air 

dried. Then a THF solution of 2 mM Dha was added to the electrode until it was fully wet. The electrode 

was air dried and heated in an oven at 140 oC for 1 hour in air and then rinsed with 1 mL of dry MeCN prior 

to electrochemical studies.  

4.4.4 Preparation of SEM samples and SEM measurements 

The Si wafers (~ 0.75 × 0.5 cm2) were cleaned with piranha solution for 15 minutes, then they were 

rinsed thoroughly with deionized water and finally with MilliQ water. The wafers were oven-dried at 140 

oC. 5 μL of THF solution of 1 mM FeTAPPCl and then 5 μL of THF solution of 2 mM Dha were added to 

one Si wafer and then air-dried. The wafers were heated at 140 oC for 1 h. 

The silica wafers were attached to a flat aluminum sample holder, and then further coated with 

iridium. Samples were analyzed on a FEI Apreo SEM operating at 3.0 kV. 

4.4.5 Preparation of XPS samples. 

The microscopy glass slides (~ 0.5 × 0.5 cm2) coated with gold (150 nm thickness) were cleaned 

with piranha solution for 15 minutes, then they were rinsed thoroughly with deionized water and finally 

with MilliQ water. The slides were oven-dried at 140 oC. 10 μL of a THF solution of 1 mM FeTAPPCl was 

added to one gold slide and then air-dried. Then, 10 μL of a THF solution of 2 mM Dha or 2,5-

dimethoxyterephthalaldehyde (Dma) was added to the gold slide and then air-dried. The gold slides were 

heated in an oven at 140 oC for 1 hour in air. The sample coated with FeTAPPCl only was prepared using 

the same method but no aldehyde solution added, and no heating was applied.  
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4.4.6 XPS experiments and analysis. 

XPS experiments were performed using a Kratos AXIS-SUPRA instrument equipped with an AL 

K-alpha monochromatic X-ray source operating at 225W. A pass energy of 160 eV was used for survey 

spectrum with 1 eV step size and a pass energy of 20 eV was used for details spectra, averaged over 5 scans, 

with 0.1 eV step size. A charge neutralizer was used to remove build-up charge on the sample surface 

during XPS experiments. 

XPS data were analyzed with the Casa XPS program with settings adapted from Hu’s work70. 

Background subtraction of all XPS spectra were performed with Shirley background. All the peaks were 

calibrated by the intense adventitious carbon C1s peak (284.8 eV). The N1s XPS spectra were fitted with 

full-width-half-maximum (FWHM) values constrained within the range 0.8 – 1.2 eV, using components 

with Gaussian/Lorentzian line shapes. There were no constrains on energy or relative area.  

4.4.7 Stability leaching test.  

The FeDhaTph-COF electrode was prepared in the same way described above except that a fixed 

amount of 40 μL of 1 mM FeTAPPCl solution and 60 μL of 2 mM Dha solution were used. The other 

electrode was covered with 40 μL of 1 mM FeTAPPCl solution without Dha. After the two electrodes were 

heated, they were each soaked in 3 mL of THF for one minute. UV-vis spectra (Figure 4.29) were collected 

with these THF solutions and the peak maxima of the Soret band were compared to the calibration curve 

of FeTAPPCl in THF solutions (Figure 4.30) to calculate the concentration of FeTAPPCl released into 

THF solutions.  

4.4.8 Preparation of Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

samples. 

The carbon cloth electrodes were rinsed with the solvent used in CPE, oven-dried, cut and weighed. 

Each piece of electrode was added to a pre-cleaned Teflon tube, where 1.000 mL of 70% HNO3 was added. 

The tube was sealed and heated in an oil bath at 110 oC for 20 h. The solution was cooled and followed by 

addition of 0.5 mL of 30 % H2O2, the reaction was sealed and heated to 110 oC for half an hour. The 



 

89 

treatment with H2O2 was repeated one more time. The solution was then diluted with MiliQ water and 

filtered to give a colorless 5% HNO3 solution for ICP-OES analysis.  

Samples were analyzed on a Perkin Elmer Optima 3000 DV ICP-OES in axial mode. Samples were 

introduced via a concentric nebulizer in conjunction with a standard cyclonic spray chamber. Samples were 

quantified using a five-point calibration curve. 

4.4.9 Cyclic voltammetry (CV) studies.  

CVs were performed using a one-compartment cell with a three-electrode configuration, which 

consisted of a freshly prepared carbon cloth working electrode, a Ag/AgCl reference electrode with 

CoralPor™ tip, and a Pt wire counter electrode in a 5 mL solution of dry MeCN containing 0.1 M TBAPF6. 

The solution was purged with argon for 5 minutes through a vial with dry MeCN over 4 Å molecular sieves. 

The electrode (> 0.5 cm2) was scanned at 100 mV/s three times to remove any trace unreacted FeTAPPCl 

and Dha. It was then transferred to a fresh electrolyte solution for further cyclic voltammetry studies. The 

electrode was scanned at 50, 75, 100, 125, 150, 175 and 200 mV/s. The solution was then purged with dry 

CO2 for 5 minutes and several CV were collected at 100 mV/s.  The effect of trifluoroethanol (TFE) as 

weak Brönsted acid for CO2 reduction was also investigated.  

4.4.10 Controlled-potential electrolysis (CPE) studies.  

CPE experiments were carried out in a custom-made five-necked 89 mL pear-shaped flask, with 

three ground glass joints for electrodes and two joints capable of being sealed by septa for gas sparging. 

The working electrode was thoroughly rinsed, and cyclic voltammetry was conducted in a separate setup. 

The electrode was then transferred to the CPE cell, assembled by inserting a wire through a silicone rubber 

stopper and wrapping the wire of the carbon cloth electrode to it. The wire and epoxy parts of the carbon 

cloth electrode were covered with Teflon tape. A platinum wire counter electrode was separated from the 

bulk solution by a porous glass frit. BASi Ag/AgCl reference electrode was separated from the bulk solution 

by a glass sheath filled with 0.1 M TBAPF6 in MeCN or DMF and capped with a CoralPor™ tip. The joints 

of the reference and counter electrodes were greased thoroughly and then inserted to the CPE cell and 
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clipped. The joints with silicone stoppers and rubber septa were sealed with electrical tape to avoid gas 

leakage. In the CPE cell, 20 mL of MeCN or DMF solution of 0.1 M TBAPF6 and 0.5 M TFE was added 

and purged with dry CO2 for 15 minutes prior to electrolysis. CVs were after the CPE. Gas analysis was 

performed using 1 mL sample injections on a Hewlett-Packard 7890A Series gas chromatograph with two 

molecular sieve columns (30m × 0.53mm i.d. × 25μm film). The 1 mL injection was split between the two 

columns, one with N2 as the carrier gas and one with He to quantify both H2 and CO simultaneously in each 

run. The amount of CO and H2 gas produced was quantified by the peak areas in chromatograms.  
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4.7 Appendix 

 

Figure 4.13 FT-IR spectrum of iron(III) 5,10,15,20-tetrakis-(4’-aminophenyl)porphyrin chloride 

(FeTAPPCl) in KBr. FT-IR (ν; cm−1): 3427, 3370, 1700, 1617, 1606, 1513, 1488, 1286, 1179, 998 (δFe–

N), 802, 722. 

 

Figure 4.14 ATR-IR spectrum of 2,5-dihydroxyterephthalaldehyde (Dha). ATR-IR (ν; cm−1): 3269, 

1666, 1477, 1460, 1280, 1129, 888, 833, 795, 674. 
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Figure 4.15 Mass spectrum of 5,10,15,20-tetrakis(4’-aminophenyl)porphyrin (TAPP) m/z calcd for 

C44H34N8, 675.30 [M+H]+; found, 675.37 [M+H]+.  

 

Figure 4.16 Mass spectrum of FeTAPPCl m/z calcd for C44H32N8Fe, 728.21 [M-Cl]+; found, 728.15 [M-

Cl]+. 
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Figure 4.17 1H NMR (CDCl3, 400 MHz) of FeTAPPCl: δ (ppm) –2.72(s, 2H, NH), 4.02 (s, 8H, NH2), 7.05-

.707 (d, 8H, J = 8.0 Hz, aromatics), 7.98-8.00 (d, 8H, J = 8.0 Hz, aromatics), 8.90 (s, 8H, H-pyrrole). 
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Figure 4.18 1H NMR (CDCl3, 400 MHz) of Dha: δ (ppm) 10.23 (s, 1H), 9.96 (s, 1H), 7.24 (s, 1H). 
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Figure 4.19 SEM images of FeDhaTph-COF on Si wafer. 
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Figure 4.20 Proposed structure of FeDmaTph-COF. 

Table 4.2 Percentage contributions of the different nitrogen species for FeTAPPCl, FeDhaTph-COF and 

FeDmaTph-COF. 

N species FeTAPPCl FeDhaTph-COF FeDmaTph-COF 

 

 

51.83 50.87 60.62 

 

48.17 24.78 15.66 

 

NA 24.36 23.72 
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Figure 4.21 Additional XPS spectra of FeTAPPCl on Au slides: (a) survey scan, (b) C1s, (c) O1s and (d) 

Fe2p. 

 

Figure 4.22 Additional XPS spectra of FeDhaTph-COF on Au slides: (a) survey scan, (b) C1s, (c) O1s and 

(d) Fe2p. 



 

105 

 

Figure 4.23 Additional XPS spectra of FeDmaTph-COF on Au slides: (a) survey scan, (b) C1s, (c) O1s 

and (d) Fe2p. The two oxygen peaks correspond to the oxygen in the hemiaminal group and methoxy group. 

 

Figure 4.24 CVs of FeDhaTph-COF electrode in original (black and blue) and new solutions (red) of dry 

MeCN containing 0.1 M TBAPF6 under Ar at scan rate 100 mV/s. 
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Figure 4.25 Current of different electrodes during CPE at 2.2 V (vs. Ag/AgCl) in MeCN and 2.1 V in DMF 

containing 0.1 M TBAPF6 and 0.5 M TFE under CO2 for three hours. 

 

Figure 4.26 Current of FeDhaTph-COF carbon cloth electrode during CPE at 1.3 V (vs. Ag/AgCl(3M NaCl)) 

in 0.5 M KHCO3 under CO2 for three hours. 
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Figure 4.27 CVs of FeDhaTph-COF electrode in dry MeCN containing 0.1 M TBAPF6 under Ar (black), 

CO (blue) and CO2 (red) at scan rate 100 mV/S. 
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Figure 4.28 Cyclic voltammograms of different electrodes before and after 3 h controlled-potential 

electrolysis at – 2.2 V (vs. Ag/AgCl) in MeCN and at  2.1 V in DMF solutions of 0.1 M TBAPF6 under 

CO2 with added TFE at scan rate 50 mV/s. 
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Figure 4.29 UV-vis spectra of different concentration of FeTAPPCl in THF solution. 

 

Figure 4.30 Calibration curve of absorbance of soret band at 424 nm against concentration of FeTAPPCl 

in THF solution. 
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Chapter 5  

 

Future Directions: New Areas to Be Explored 

 

5.1 Summary 

Despite the growth in renewable technologies, the world is still heavily dependent on fossil fuels 

for power and transportation. Carbon dioxide reduction has a pivotal role in the storage of excess electrical 

energy generated by solar panels and wind turbines and lowering the concentration of carbon dioxide in the 

atmosphere at the same time. The purpose of this dissertation was to investigate photochemical and 

electrochemical systems for practical carbon dioxide reductions.  

The major findings in photochemical systems are the effects of ligand substitution and non-covalent 

interactions in second coordination sphere on rhenium and manganese bipyridine catalysts. As detailed in 

Chapter 2, the replacement of the Br– ligand to a CN– ligand has drastic change in reaction mechanism of 

Mn(bpy)(CO)3X catalyst, transforming from dimerization to disproportionation mechanism. The results of 

this investigation also show that the choice of solvent (MeCN vs. DMF) has a striking role in determining 

the selectivity of products (CO vs. HCOOH). Another piece of work in Chapter 3 demonstrates that not 

only the ligands in the immediate coordination sphere (as shown in Chapter 2) but also the hydrogen 

bonding between ligands in second coordination sphere have significant influence on photocatalytic 
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activities of Re(bpy-X)(CO)3Cl systems. Similarly, solvent effects were also studied. Surprisingly, the 

photocatalytic systems perform very well without the presence of proton source, which is believed to be a 

vital ingredient in photocatalysis. The proposed reason is that the hydrogen bonding rhenium bipyridine 

catalyst is able to catalyze the disproportionation of two carbon dioxide molecules to carbon monoxide and 

(bi)carbonate species. Taken together, these photochemical studies suggest that there are still many 

unexplored factors governing the performance of photocatalysis and more creative work should be done to 

examine them.  

The investigation of heterogenization of molecular catalyst for electrochemical catalysis has shown 

that covalent organic frameworks (COFs) are good substrate for embedding iron porphyrins on carbon cloth 

electrodes (Chapter 4). It is unfortunate that the organic parts of immobilized iron porphyrins are degraded 

in electrocatalysis even though the COFs linkages are intact.  

The following section includes some suggestions of further studies of the projects mentioned above.  

5.2 Results and Discussion 

5.2.1 Investigating Electrochemical and Photochemical Activities of Supramolecular Systems 

Bonded by Guanine-Cytosine Base Pair 

As a continuation of the work in Chapter 3, where non-specific hydrogen bonding is used to 

improve electron transfer between catalysts and photosensitizers, the next step is to use guanine and 

cytosine pairs to eliminate self-dimerization.  

 

Scheme 5.1 Molecular structure of Re(dmb-cytosine)(CO)3Cl and Re(dmb-guanine)(CO)3Cl. 



 

112 

 

Figure 5.1 Cyclic voltammograms of 1 mM of Re-C, Re-G and mixture of 1 mM Re-C and Re-G in dry 

MeCN under Ar or CO2 at a scan rate of 100 mV/s.  

 

Figure 5.2 IR spectrum of 3 mM Re-C, 3 mM Re-G and mixture of 1.5 mM Re-C and Re-G in MeCN upon 

chemical reduction of bis(pentamethylcyclopentadienyl)cobalt(II) (Co(Cp*)2).  

Before photochemical studies, electrochemical properties of Re(dmb-guanine)(CO)3Cl (Re-G, 

where 4-methyl-4’-methylguanine-2,2’-bipyridine = dmb-guanine) and Re(dmb-cytosine)(CO)3Cl (Re-C, 

where 4-methyl-4’-methylcytosine-2,2’-bipyridine = dmb-cytosine) were investigated in MeCN and DMF 

first (Scheme 5.1). As shown in the preliminary results in Figure 5.1, all three systems have redox features 

differ from the typical two-peak reduction in Re(bpy)(CO)3Cl or Re(tBu-bpy)(CO)3Cl. The Re-C and Re-

G system also have an oxidative peak at  0.5 V vs. Fc0/+, which is believed to be the oxidation of Re-Re 

dimers. However, in the mixture of Re-C and Re-G, the oxidative peak disappears. The planarity in the 

cytosine-guanine dimer is likely able to avoid the formation of Re-Re metal dimer as the case of 

Re(dac)(CO)3Cl. From Figure 5.2, it is apparent that all Re-C, Re-G and mixture systems have peaks at 

1982 and 1942 cm1. These bands are close to the observed bands from metal−metal bound dimer 

[Re0(dac)(CO)3]2 (1984, 1942, 1875, 1865, and 1842 cm−1)1. Preliminary NMR concentration studies also 
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suggest that there is hydrogen bonding interaction (~ 30 M1) between Re-C and Re-G in d6-DMSO. More 

electrochemical and spectroscopic studies are required to reveal the interaction among molecules during 

electrocatalysis.  

 

Scheme 5.2 Schematic representation of proposed photochemical system with specific donor and acceptor 

pair for hydrogen bonding.  

If the electrochemical studies show promising results, development of photocatalytic systems with 

Ru photosensitizers installed with guanine or cytosine substituents will be the next step (Scheme 5.2). 

Unlike the work in Chapter 3, in which proton source is avoided, triethanolamine (TEOA) or other proton 

sources can be used to further boost the catalytic performance. Computational studies are also suggested to 

observe the interaction between catalyst and photosensitizer. 

5.2.2 Interrogating the Efficiency and Activity of Electrocatalysts for the Reduction of CO2 

Through Supramolecular Assembly with π-π Interaction 

 

Scheme 5.3 Molecular structure of Re(bpy-PE)(CO)3Cl, calix[6]arene and dihydroxypillar[6]arene.  
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Besides hydrogen bonding, π-π interaction is another important non-covalent interaction that is less 

studied. Even though π-π interaction is used to immobilize molecular catalysts onto carbon electrodes2-4, 

the interaction between the molecular catalysts is still an area to be explored. 

 

Figure 5.3 Cyclic voltammograms of (a) 0.5 mM of Re(bpy-PE)(CO)3Cl, with addition of (b) 0.5 mM 

calix[6]arene or (c) 0.5 mM of dihydroxypillar[6]arene, in dry MeCN under Ar or CO2 with or without 

addition of trifluoroethanol (TFE) at a scan rate of 100 mV/s. 

A Re bipyridine catalyst was synthesized by installing a phenylacetylene group at the 4- position 

of one side of bipyridine ring, giving rise to Re(bpy-PE)(CO)3Cl (Re-PE, where 4-(phenylethynyl)-2,2’-

bipyridine = bpy-PE). Initial electrochemical study of Re-PE shows interesting results. Re-PE itself 

demonstrates a typical two-reduction features as other Re bipyridine catalysts. The first reduction at  1.62 

V vs. Fc+/0 is quasireversible while the second peak at  1.91 V is irreversible. There is a small enhancement 

in catalytic current under CO2 without proton source (icat / ip = 1.91 in Figure 5.3a) while the catalytic 

current soars with addition of 0.5 mL (1.4 M) of trifluoroethanol (TFE) (icat / ip = 11.1). Interestingly, 

addition of calix[6]arene and dihydroxypillar[6]arene leads to changes in redox features of Re-PE under 

inert conditions (Figure 5.4). Furthermore, the presence of dihydroxypillar[6]arene turns off the catalytic 

activity of Re-PE under CO2 when no proton source is added (Figure 5.3c). There are a couple speculated 

reasons for such observations. First, if π-π interaction between the 4-(phenylethynyl)-2,2’-bipyridine 

substituents is vital for the catalytic activity of Re-PE, the blocking effect caused by the addition of rings 

(calix[6]arene or dihydroxypillar[6]arene) will slow down catalysis. Since calix[6]arene is a more opened 

cup shape and dihydroxypillar[6]arene is a narrower cylindrical shape, the blocking effect would be more 

prominent in the case with addition of dihydroxypillar[6]arene. This is consistent with the observation of 
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no drop in catalytic current in system with calix[6]arene but no current enhancement in system with 

dihydroxypillar[6]arene. The other possible explanation is the shifting of effective catalytic potential to 

more negative direction caused by strong host-guest interactions. 2D NMR (TOCSY and NOESY) 

experiments were conducted to elucidate the π-π interaction. However, the overlapping of aromatic proton 

signals makes the NMR spectra very difficult to interpret.  

These interesting findings worth further studies to explore the impact of π-π interaction and 

potential host-guest interactions on electrocatalysis of Re bipyridine catalysts.  

 

 

Figure 5.4 Cyclic voltammograms of 0.5 mM of Re(bpy-PE)(CO)3Cl, with addition of (a) 0.5 mM 

calix[6]arene or (b) 0.5 mM of dihydroxypillar[6]arene in dry MeCN under Ar at a scan rate of 100 mV/s. 

5.3 Conclusion and Final Suggestions 

The research on non-covalent interactions, although being a popular field, is a rather unexplored 

area when it is applied to molecular catalysis. Hydrogen bonding, π-π interaction, and columbic interactions 

could be useful tools to manipulate the catalytic activity of photocatalysts and electrocatalysts, in addition 

to the conventional modification of immediate ligands and metal centers. The research on non-covalent 

interactions is not as easy as the conventional molecular catalysis studies due to the very weak nature of 

those interactions. Techniques, like cyclic voltammetry, controlled-potential electrolysis, square wave 

voltammetry, IR-SEC, chemical reductions, UV-Vis absorption, fluorescence, 1D and 2D NMR 

spectroscopy, are common means to analyze the electrochemical and photochemical properties of these 
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catalysts with weak interactions. The biggest challenge of working with these catalysts is the solubility 

problem. Due to non-covalent interactions, the complexes with hydrogen bonding or π-π interaction usually 

are too soluble or not soluble enough in solvents like MeCN or THF. The case is particularly serious for 

RuDAC (Chapter 3) and Re-PE. The former one is too soluble in most of solvents, so the complex has to 

be crashed out with a plethora of dry dimethyl ether in small batches. Otherwise, the orange powder will 

become gluey. The latter one, on the other hand, is easy to precipitate out, but it is not very soluble MeCN 

or THF. Also, calix[6]arene and Re-PE have different solubilities in different solvents, making the study 

difficult to progress. In spite of these obstacles, these research ideas could offer some insights into the 

fundamental and hence more applied studies of photocatalysts and electrocatalysts for carbon dioxide 

reduction.  

The project in Chapter 4 was a trail to attach molecular catalysts on cheap and robust electrodes. 

The synthesis method turned out to be surprisingly simple. The biggest limitation of the work is the 

unexpected degradation of organic part of iron porphyrins in the COFs. This project provided me a precious 

chance to learn various surface characterization techniques and made me realize that characterization of 

monolayers or ultrathin films of organometallic materials is a still a field needs substantial improvement. 

After communicating with other research groups, we believe that the conventional solvothermal synthesis 

of COFs is rather irreproducible and surface coverage of the electrode by drop-casting catalyst powder is 

always a problem. The exposure of carbon cloth to aqueous or organic solvents leads to significant 

production of hydrogen. It is necessary to find the balance between lowering catalyst loading and ensuring 

high surface coverage.  

5.4 Experimental 

All the raw data and data files can be found on the server Rhodium under my user folder.  
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5.4.1 General 

All solvents were obtained from Fisher Scientific. All solvents were deoxygenated and dried over 

alumina columns on a Grubbs style solvent system under an argon atmosphere. All compounds were 

obtained from Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. The 

ferrocene was sublimed prior to use. 1.5 M solution of tetra-N-butylammonium hydroxide and calix[6]arene 

was obtained from Alfa Aesar and used without further purification. Tetrabutylammonium 

hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from EtOH and dried at 90 oC overnight 

before use in electrochemical experiments. 

5.4.2 Synthesis of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine (dmb-TMS) 

The synthesis of dmb-TMS was adapted from the literature.5 A solution of 1.3 M lithium 

diisopropylamide (LDA, 2.71 mL, 3.52 mmol) was added to another 50 mL of oven-dried Schlenk flask 

under nitrogen. A 50 mL of oven-dried Schlenk flask was charged with 4,4’-dimethyl-2,2’-dipyridine (0.5 

g, 2.71 mmol) and 50 mL dry tetrahydrofuran (THF) under nitrogen. The bipyridine solution was 

cannulated dropwise to LDA solution over 15 minutes. The resulting dark brown suspension was stirred 

for 2 h at –78 °C. An excess of trimethylsilyl chloride (430 μL, 3.39 mmol) was added quickly in one 

portion to the lithiated 4,4’-dimethyl-2,2’-dipyridine solution. After one minute of thorough stirring, the 

solution was quenched with 1 mL of ethanol and then 50 mL of saturated aqueous sodium bicarbonate 

solution. The solution was extracted with dichloromethane (DCM, 3 × 50 mL). The organic fractions were 

combined, washed with brine, separated and then dried with anhydrous magnesium sulfate. Crude product 

was obtained by evaporation of the organic solvents. It was then further purified by flash column 

chromatography (1 % triethylamine (TEA) rinsed silica; ethyl acetate in hexane with a gradient of 0/100 to 

10/90). The desired fractions were collected as first portion and the solvents evaporated in vacuo to yield 

4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine (0.6 g, 86% yield) as a white solid. 
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Figure 5.5 1H NMR of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine in CD3Cl. 

5.4.3 Synthesis of 4-methyl-4’-methylchloro-2,2’-bipyridine (dmb-Cl) 

An oven-dried 50 mL Schlenk flask was charged with 4-methyl-4’-methyl(trimethylsilane)-2,2’-

bipyridine (250 mg, 0.975 mmol), cesium fluoride (296 mg, 1.95 mmol), hexachloroethane (462 mg, 1.95 

mmol), and 15 mL of dry MeCN under nitrogen. The mixture was heated to 65 oC for roughly 4 to 6 hours 

until completion, in which the progress was monitored by TLC. The reaction mixture was cooled to room 

temperature and then extraction with water/DCM (3 × 30 mL). The organic fraction was dried with 

anhydrous magnesium sulfate and then evaporated to dryness to give a off white solid. Hexachloroethane 

was sublimed and condensed at the bump trap of rotovap. The crude product was recrystallized with boiling 

pentane to remove remaining hexachloroethane and starting material to give a pale-yellow crystalline 

product (160 mg, 75% yield). 
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Figure 5.6 1H NMR of 4-methyl-4’-methylchloro-2,2’-bipyridine in CD3Cl. 

5.4.4 Synthesis of Re(dmb-cytosine)(CO)3Cl 

The synthesis of 4-methyl-4’-methylcytosine-2,2’-bipyridine was adapted from the literature.6 A 

1.5 M solution of tetra-N-butylammonium hydroxide in MeOH (0.228 mL, 0.343 mmol) was added 

dropwise to a stirred suspension of cytosine (38.1 mg, 0.343 mmol) in MeCN (5 mL). The solution became 

clear and 4-methyl-4’-methylchloro-2,2’-bipyridine (50 mg, 0.229 mmol) dissolved in MeCN was added 

dropwise. The reaction mixture was stirred at room temperature overnight with formation of pale-yellow 

powder after half an hour of stirring. Then the solid was filtered out as the final 4-methyl-4’-methylcytosine-

2,2’-bipyridine (38 mg, 57% yield). 
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Figure 5.7 1H NMR of 4-methyl-4’-methylcytosine-2,2’-bipyridine in CD3Cl. 

4-methyl-4’-methylcytosine-2,2’-bipyridine (50 mg, 0.170 mmol) and 

pentacarbonylchlororhenium(I) (62 mg, 0.170 mmol) were added to a 25 mL pear-shaped flask filled with 

less than 3 mL of dry DMF. The solution was degassed with nitrogen for 5 minutes and then heated to 

above 110 oC with stirring under nitrogen overnight. DMF was removed by rotovap. The crude product was 

dissolved in DMC, recrystallized with DCM/pentane to give dark yellow powder.  
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Figure 5.8 1H NMR of Re(dmb-cytosine)(CO)3Cl in CD3CN. 

5.4.5 Synthesis of Re(dmb-guanine)(CO)3Cl 

The synthesis of 4-methyl-4’-methylguanine-2,2’-bipyridine was adapted from the literature.7 A 

mixture of 2-amino-6-chloro purine (78.3 mg, 0.461 mmol) and 4-methyl-4’-methylchloro-2,2’-bipyridine 

(100 mg, 0.457 mmol), and potassium carbonate (126 mg, 0.914 mmol) were heated to reflux with stirring 

in 10 mL of dry MeCN at reflux temperature for 24 hours under nitrogen. The reaction process was 

monitored by TLC (DCM in MeOH with a gradient of 90/10) until completion. The solvent was removed 

to give a pale-yellow solid. Without further purification, the solid was dissolved in 5 mL of 1 M HCl. The 

solution was refluxed in air for two hours and then cooled to room temperature. The acidic solution was 

neutralized with 2 M NaOH solution until orange or white solid was precipitated out at neutral pH. The 

solid was filtered out as 4-methyl-4’-methylguanine-2,2’-bipyridine (~ 50% yield). 
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Figure 5.9 1H NMR of 4-methyl-4’-methylguanine-2,2’-bipyridine in CD3Cl. 

4-methyl-4’-methylcytosine-2,2’-bipyridine (100 mg, 0.3 mmol) and 

pentacarbonylchlororhenium(I) (109 mg, 0.3 mmol) were added to a 25 mL pear-shaped flask filled with 

less than 3 mL of dry DMF. The solution was degassed with nitrogen for 5 minutes and then heated to 

above 110 oC with stirring under nitrogen overnight. DMF was removed by rotovap. The crude product was 

dissolved in DCM, recrystallized with DCM/pentane to give brownish orange powder (60 mg, 32% yield).  
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Figure 5.10 1H NMR of Re(dmb-guanine)(CO)3Cl in DMSO-d6. 

5.4.6 Synthesis of 4-(phenylethynyl)-2,2’-bipyridine 

The synthesis of 4-(phenylethynyl)-2,2’-bipyridine was adapted from the literature.8-9 The 4-

bromo-2,2’-bipyridine (200 mg, 0.85 mmol), Pd(PPh3)2Cl2 (5 mol%), CuI (10 mol%), and phenylacetylene 

(113 mg, 1.11 mmol) were added to a 50 mL Schlenk flask with a stir bar under nitrogen. Then THF (10 

mL) and triethylamine (TEA, 10 mL) were added sequentially. After stirring at room temperature overnight, 

60 mL water were added and the reaction mixture was extracted with ethyl acetate (3 × 15 mL), washed 

with brine and dried over anhydrous magnesium sulfate. The residue was purified by recrystallization with 

hexane or DCM to give white or orange crystals (130 mg, 60%).  
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5.4.7 Synthesis of Re(bpy-PE)(CO)3Cl 

4-(phenylethynyl)-2,2’-bipyridine (150 mg, 0.585 mmol) and pentacarbonylchlororhenium(I) (212 

mg, 0.585 mmol) were added to a 250 mL pear-shaped flask filled with 150 mL of dry toluene. The solution 

was degassed with nitrogen for 10 minutes and then heated to reflux with stirring under nitrogen overnight 

to give a deep red solution. The solvent was removed by rotovap to give a deep orange powder. The crude 

product was dissolved in DCM, recrystallized with DCM/ether to give brownish orange powder (260 mg, 

80 % yield).  

 

Figure 5.11 1H NMR of 5 mM Re(bpy-PE)(CO)3Cl in CD3CN. 

5.4.8 Synthesis of Dihydroxypillar[6]arene 

The synthesis of dihydroxypillar[6]arene was adapted from the literature.10 The product should be 

stored in a desiccator.  
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5.4.9 Cyclic Voltammetry 

CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy carbon 

working electrode (BASi), a platinum (Pt) wire couter electrode, and a silver/ silver chloride (Ag/AgCl) 

wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were used in a single 

compartment cell for all experiments. Experiments were run with and without ferrocene as an internal 

reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 0.5 or 1.0 mM of analyte, 

0.1 M TBAPF6 as supporting electrolyte. The electrolyte was purged with N2 or CO2 for before cyclic 

voltammograms were recorded and stirred between successive experiments. 
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