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Abstract 

Hybrid Approaches to Bio-Materials and Bio-Inorganic Electrochemical Carbon Dioxide 
Reduction 

 
by 
 

Eva Megan Nichols 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Christopher J. Chang, Chair 
 
 

 
Environmental challenges associated with rising atmospheric CO2 concentrations and the 
promise of CO2 as a cheap and abundant carbon feedstock motivate the search for 
technologies to transform CO2 into value-added chemical products. The development of 
stable, efficient, and selective electrocatalysts is challenging, and has traditionally been 
approached from either a molecular, materials, or biological perspective, each of which 
have benefits and drawbacks. In order to exploit the benefits of these distinct approaches 
and minimize their disadvantages, we have directed efforts into exploring hybrid systems 
for CO2 reduction. This thesis describes a bio-materials strategy designed to 
synergistically interface living organisms and electrocatalytic materials to achieve artificial 
photosynthetic transformations. We subsequently describe electrocatalytic CO2 reduction 
with molecular catalytics that have been inspired by design elements found in 
bioinorganic systems.  
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Chapter 1: 

Leveraging Molecular, Materials, and Biological Catalysis for Electrocatalytic Reduction 
of Carbon Dioxide to Value-Added Products 
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Carbon dioxide is a principal component of the global carbon cycle and is intimately 
involved in biological, geological, and anthropogenic processes. Carbon dioxide is the 
primary carbon source on Earth and serves as an electron acceptor for autotrophic 
organisms such as plants and algae, which use solar energy to fix CO2 into energy-rich 
sugars. CO2 is subsequently regenerated when these sugars are oxidized by aerobic 
organisms during cellular respiration, a process that provides the energy required to 
sustain these organisms. In an analogous fashion, humans harness the energy stored in 
chemical bonds of fossil fuels—also ultimately derived from solar input—through 
combustion. This process, which has increased exponentially since the Industrial 
Revolution, has contributed to a steeply rising concentration of atmospheric CO2, 
currently in excess of 400 parts-per-million (ppm). In addition to potentially irreversible 
global temperature increases due to the role of CO2 as a greenhouse gas,1 higher 
atmospheric CO2 levels are associated with detrimental effects including sea-level rise,2 
ocean acidification,3 species extinction,4 shifting of climatic zones,2 and increased risk of 
disease.5 This has motivated great interest in the development of sequestration 
technologies and catalytic methods for the conversion of CO2 to value-added products. 
 
Of particular interest to chemists is the development of catalytic processes for the use of 
CO2 as a one-carbon feedstock to generate fuels, commodity chemicals, and complex 
products such as polymers or pharmaceuticals. The majority of chemical transformations 
for the incorporation of CO2 into organic molecules rely on highly energetic reactants 
(such as epoxides and aziridines, organolithiums, phenolates, silanes, etc.), which 
themselves require significant energy input to synthesize.6-11 These reactions are 
therefore less desirable from the perspective of carbon-neutral CO2 valorization. It would 
instead be preferable to imitate the approach taken in natural photosynthetic systems, in 
which solar irradiation is used as a clean and renewable energy source to generate highly 
reducing co-reactants from abundant inputs.  
 
Natural photosynthesis thus serves as a conceptual blueprint for artificial systems 
designed to store solar energy in the form of chemical bonds.12, 13 In photosynthetic 
organisms, light harvesting and charge separation occur in photosystems I and II, thereby 
generating cofactors with sufficient reduction potential to reduce NADP+ to NADPH; water 
serves as a sacrificial source of electrons (e-) and protons (H+) and is oxidized to O2 in 
the process (Fig. 1.1, left). NADPH, a temporary redox carrier, is then used as a reducing 
input in the carbon fixation steps comprising the Calvin Cycle, where CO2 is converted 
into glyceraldehyde-3-phosphate and subsequently into glucose, sucrose, starch, or 
cellulose depending on the needs of the organism. In artificial photosynthesis, a 
photovoltaic assembly is used to generate electron/hole pairs from incident light.14 
Depending on the approach taken, the photovoltaic assembly may be used to directly 
reduce a CO2 reduction catalyst, which then reacts with CO2 to generate the target 
product in the same way as an electrocatalytic process (Fig. 1.1, middle).15 Alternatively, 
protons from water may be reduced to generate H2 (a possible target fuel in its own 
right),16-20 which may subsequently serve as a reducing input for further biological or 
chemical transformations (Fig. 1.1, right).21-24 The latter approach is a way to interface 
semiconductor materials with non-photosynthetic organisms capable of CO2 fixation, and 
will be elaborated upon in Chapter 2.  
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Transformations involving the reduction of CO2 are challenging for a number of 
thermodynamic and kinetic reasons. The thermodynamic potentials for the reduction of 
CO2 to one-carbon products become less negative with increasing numbers of H+/e- 

delivered (Fig. 1.2). However, generation of more highly reduced products is challenging 
due to the need for controlled delivery of multiple H+ and e- equivalents and the reactive 
nature of intermediates. In practice, few catalyst systems are able to generate reduction 
products beyond CO or formate. Additionally, because the thermodynamic potentials for 
CO2 reduction reactions are similar to that for the reduction of protons to hydrogen, this 
latter pathway represents a significant problem for selectivity. Kinetically, the reduction of 
the linear CO2 molecule is associated with large molecular rearrangement to form bent 
products. This large activation energy is reflected in the need to apply very negative 
potentials (high overpotentials) in order for CO2 reduction reactions to proceed. Finally, 
generation of C2+ products involves coupling steps which may be challenging to conduct 
with precision.    
 
Traditionally, (photo)electrochemical CO2 reduction efforts—which could in theory be 
integrated into an artificial photosynthesis system—have operated in three distinct areas: 
molecular catalysis,25-41 materials catalysis,42-48 and biological catalysis.49-52 Each domain 
has inherent benefits and drawbacks. Molecular catalysts are relatively easy to tune and 
examine mechanistically, but generally suffer from poor stability and aqueous 
compatibility, and are of limited industrial relevance for large-scale transformations such 
as CO2 valorization. Materials catalysts—comprising bulk metals, nanostructured 
materials, nanoparticles, and porous materials like metal-organic frameworks (MOFs) 
and covalent-organic frameworks (COFs)—are more amenable to industrial applications 
and generally exhibit improved aqueous compatibility, but it can be challenging to glean 
mechanistic information or rationally tune activity. Enzymatic catalysts exhibit virtually 
unbeatable selectivities and turnover frequencies and operate in aqueous environments, 
but suffer from poor stability outside their native cellular environments and can be 
expensive to obtain. In order to exploit the benefits of each of these distinct approaches 
and minimize their drawbacks, we have directed efforts into exploring hybrid systems for 
CO2 reduction. We envisioned extending the three traditional areas of catalysis into a 
larger chemical space encompassing molecular-materials, bio-materials, and bio-
molecular hybrids (Fig. 1.3). Below, we present select examples from our laboratory 
showcasing the synergistic nature of such hybrid systems for reductive catalysis.  
 
Along the molecular-materials continuum, we have applied principles of molecular 
catalysis to alter the selectivity and improve the stability of heterogeneous catalysts, as 
well as exploited properties of material frameworks such as porosity and conductivity to 
improve molecular catalysts. In one example, we have taken advantage of the highly 
porous and conductive nature of covalent-organic-frameworks (COFs) by incorporating 
cobalt tetraphenylporphyrin catalytic units into the framework for electrochemical CO2 
reduction in aqueous conditions (Fig. 1.4A).53 This strategy allows for efficient 
substrate/product transport through pores of tunable size, as well as facile charge 
transport through the layered material and enhanced stability due to catalytic site 
isolation. We subsequently turned to molecular-material hybrids to address challenges 
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relating to the tunability of nanoparticle (NP) catalysts. NPs—gold NPs in particular—are  
extensively used in electrochemical CO2 reductive catalysis, tunability has largely been 
limited to particle size,54-56 shape,57, 58 composition,59-62 and defect sites,63-65 and it 
remains challenging to rationally alter activity based on gradual variation of these 
parameters. We drew inspiration from the organometallic chemistry of gold, where 
variation of ligand donor ability and sterics are used to engender novel reactivity.66 Thus, 
decorating gold NPs with strong σ-donor N-heterocyclic carbene (NHC) ligands led to 
modified NP catalysts that exhibit increased current density and improved Faradaic 
efficiency for CO2 to CO (Fig. 1.4B).67 Elaborating upon the concept of molecular surface-
modification, we have also used apo- and metalloporphyrins as molecular pockets to 
functionalize the surface of copper foils (Fig. 1.4C). In this example, the Faradaic 
efficiency for CO reduction to carbon-carbon coupled (C2) products is greatly enhanced 
on the functionalized foils, with ethanol being generated in over 50% yield compared to 
<5% for bare Cu foil.68 This work highlights how changes in molecular properties such as 
the porphyrin linker length, pendant hydrogen bond donors/proton relays, and bound 
metal in the porphyrin allow for tuning of the metal surface’s affinity for certain reaction 
intermediates, thus altering product selectivity in a cooperative fashion. Finally, we have 
incorporated iron tetraphenylporphyrin CO2 reduction catalysts into a molecular cage 
architecture possessing permanent porosity (Fig. 1.4D). The cage mimics the 
superstructure of an extended material framework such as a MOF or COF while 
simultaneously retaining well-defined molecular structure and solution-processability, 
thereby simplifying catalyst characterization. When deposited on an electrode, the 
molecular cage catalyzes CO2 reduction to CO under aqueous conditions with Faradaic 
efficiencies and current densities that are greatly enhanced compared to the deposited 
molecular catalyst alone.69 In each of these examples, molecular and materials 
approaches were unified to create a hybrid system with enhanced tunability, activity, 
stability, and/or altered product selectivity compared to either component in isolation.  
 
Along the bio-materials continuum, we have targeted bio-catalyzed transformations of 
CO2 into value-added products that are challenging, if not impossible, to obtain with 
synthetic catalysts alone, using inexpensive and renewable energy inputs such as 
electricity or light. This artificial approach to photosynthesis allows for disjoint optimization 
of light absorption, charge separation, transformation to chemical energy, and product 
formation, resulting in systems that can exceed the energy-conversion efficiency of 
natural photosynthesis.24, 70, 71 There are two major ways that chemoautotrophic CO2-
fixing organisms derive energy for ATP synthesis (Fig. 1.5): through the oxidation of 
membrane-diffusible small molecules (i.e., H2), or through direct contact of a biofilm with 
an electrode. The former requires a biocompatible hydrogen evolution reaction (HER) 
catalyst to generate hydrogen gas, which is subsequently used as a source of electrons 
for the carbon fixation steps of product generation (Fig. 1.5A). Because biological 
catalysts operate near thermodynamic potential,72, 73 the only overpotential involved in 
this transformation of CO2 is associated with hydrogen evolution from water, a facile 
reaction to catalyze compared to CO2 reduction. Taking this approach, we have 
demonstrated electrochemical, photoelectrochemical, and fully photochemical production 
of the fuel methane from CO2 using bio-compatible HER catalysts (Pt, nanoparticle nickel 
sulfide) and the archeon M. barkeri (Fig. 1.6A).24 Alternatively, direct electron transfer 
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from an electrode to an organism requires growth of a biofilm on a high surface-area 
electrode but does not depend on the generation of any reduced chemical species (Fig. 
1.5B). Using this approach, the acetogenic bacterium S. ovata was seeded in a high 
aspect ratio silicon nanowire array, allowing for the synthesis of acetate from CO2 with 
light as the only energy input (Fig. 1.6B).74 The acetate-enriched growth medium from 
this tandem system could be further used as a feedstock for strains of genetically modified 
E. coli, which transform acetate into the common metabolic intermediate acetyl-CoA and 
finally into a number of highly elaborated products such as n-butanol (a fuel), 
polyhydroxybutyrate (a commercially-useful bioplastic), and isoprenoid natural products 
(pharmaceutical precursors). Interfaces such as these represent exciting advances 
towards the ultimate goal of developing hybrid bio-inorganic reactors that may be 
genetically programmed to synthesize highly complicated molecules using only CO2, 
water, and electricity or sunlight as inputs. 
 
In the realm of bio-molecular hybrids, we have focused predominantly on biologically-
inspired molecular catalysis and on the development of molecular catalysts that operate 
under biocompatible (aqueous, neutral pH) conditions. Much effort has been directed 
towards the study of pentapyridine cobalt and molybdenum complexes for aqueous 
proton reduction under neutral conditions.18, 75-77 In particular, we have shown that such 
cobalt complexes can be easily tuned by altering the electron withdrawing or -donating 
nature of apical pyridine substituents, thereby decreasing the overpotential for aqueous 
proton reduction (Fig. 1.7A).78 Building upon this work, as well as drawing inspiration from 
biological catalysis in which placement of redox-active cofactors plays a critical role, we 
examined the positional dependence of redox-active pyrazine donors on proton reduction 
(Fig. 1.7B).79 Equatorial placement of the pyrazine “electron sink” led to a more active 
catalyst (lower overpotential and larger TOF value) compared to the axial pyrazine 
analogue, thereby illustrating how proper arrangement of such components must be 
considered in catalyst design. Recently, we have extended studies of positional variation 
to CO2 reduction using an iron tetraphenylporphyrin scaffold. Enzyme active sites that 
catalyze CO2 reduction reactions, for example NiFe Carbon Dioxide Dehydrogenase 
(NiFe-CODH) and NADH-dependent Formate Dehydrogenase, possess a precise and 
extensive network of hydrogen bonds to aid in correct substrate placement and 
stabilization of high-energy transition states.80-82 Given the key role of hydrogen bond 
placement in enzymatic systems, we were motivated to investigate analogous questions 
in a molecular context. To this end, we have investigated how placement of pendant 
amide and urea NH donors in the secondary coordination sphere affects CO2 reduction 
activity (Fig. 1.7C). Future work in the area of bio-molecular catalysis will examine 
molecular-biological interfaces, including surface modification of cells with aqueous 
compatible catalysts developed in our laboratory, paving the way to exerting molecular 
control over biologically catalyzed transformations. 
 

The content of this thesis is structured as follows: Chapter 2 will discuss the development 
of a bio-materials hybrid approach to the conversion of CO2 into methane using bio-
compatible hydrogen evolution catalysts and the methanogen M. barkeri. Chapter 3 will 
discuss mechanistic investigations into the role of cooperative hydrogen bond donor 
additives in promoting electrocatalytic CO2 reduction with a Ni(cyclam) catalyst. Chapter 
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4 investigates positional effects of pendant amide donors in the secondary coordination 
sphere of iron tetraphenylporphyrin catalysts for CO2 reduction to CO. Chapter 5 
elaborates upon this work, exploring the effects of cooperative two-point urea donors in 
the secondary coordination sphere. Together, these chapters provide insight into the use 
of biological organisms or concepts to advance chemical catalysis. 
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Figures and Schemes 

 
 
Figure 1.1. Comparison between natural (left) and artificial (middle, right) photosynthesis. Both processes 
involve light harvesting and charge separation, generation of a reduced carrier, and carbon fixation. The 
middle pathway illustrates how electrocatalysts may be interfaced with a photovoltaic assembly to achieve 
artificial photosynthesis. The right pathway illustrates how photochemical water splitting can generate H2, 
which may subsequently become the reducing input for biological CO2 fixation using non-photosynthetic 
organisms.  
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Figure 1.2. Thermodynamic potentials for various reductions of CO2 in pH 7 water and the competitive 
reduction of protons to hydrogen gas. Though the thermodynamics appear favorable for more highly 
reduced products, kinetic barriers are formidable.   
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Figure 1.3. Hybrid approaches to CO2 reduction involve leveraging the benefits of molecular, materials, 
and biological catalysis in search of synergistic effects.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



10 

 

 
 
Figure 1.4. Molecular-Materials hybrids for reductive catalysis showcasing A) covalent-organic frameworks 
(COFs) bearing cobalt porphyrin catalytic centers for aqueous CO2 reduction to CO; B) gold nanoparticle 
catalysts functionalized with N-heterocyclic carbenes (NHCs) for aqueous CO2 reduction to CO; C) surface-
functionalization of copper foils with tunable tetradentate porphyrin pockets for aqueous CO reduction to 
C2 products such as ethanol; and D) porous molecular cages bearing iron porphyrin catalytic centers for 
aqueous CO2 reduction to CO. 
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Figure 1.5. Two approaches to cellular uptake of reducing equivalents: A) via a chemical intermediate such 
as hydrogen gas, which is generated by an HER catalyst at the electrode and taken up by hydrogenase 
enzymes, or B) via direct electron transfer from an electrode to an organism interacting with the surface. 
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Figure 1.6. Bio-Materials hybrids interfacing A) a biocompatible electrode or semiconductor/HER catalyst 
assembly interfaced with methanogenic organism for CO2 conversion to methane; B) a tandem nanowire 
array for direct electron transfer to an acetogenic organism for CO2 conversion to acetate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



13 

 
 

 
Figure 1.7. Biocompatible and bio-inspired platforms for reductive catalysis. A) Cobalt pentapyridine 
complexes for proton reduction to hydrogen in neutral aqueous conditions; B) Positional dependence of 
redox-active pyrazine groups for proton reduction in neutral aqueous conditions; C) Bio-inspired positional 
dependence of amide and urea donors on CO2 reduction.  
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Abstract 
 
Natural photosynthesis harnesses solar energy to convert CO2 and water to value-added 
chemical products for sustaining life. We present a hybrid bioinorganic approach to solar-
to-chemical conversion in which sustainable electrical and/or solar input drives production 
of hydrogen from water splitting using biocompatible inorganic catalysts. The hydrogen is 
then used by living cells as a source of reducing equivalents for conversion of CO2 to the 
value-added chemical product methane. Using platinum or an earth-abundant substitute, 
α-NiS, as biocompatible hydrogen evolution reaction (HER) electrocatalysts 
and Methanosarcina barkeri as a biocatalyst for CO2 fixation, we demonstrate robust and 
efficient electrochemical CO2 to CH4conversion at up to 86% overall Faradaic efficiency 
for ≥7 d. Introduction of indium phosphide photocathodes and titanium dioxide 
photoanodes affords a fully solar-driven system for methane generation from water and 
CO2, establishing that compatible inorganic and biological components can synergistically 
couple light-harvesting and catalytic functions for solar-to-chemical conversion. 
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Introduction 
 
Methods for the sustainable conversion of carbon dioxide to value-added chemical 
products are of technological and societal importance.1-3 Elegant advances in traditional 
approaches to CO2 reduction driven by electrical and/or solar input using homogeneous,4-

16 heterogeneous,17-26 and biological7, 27-31 catalysts point out key challenges in this area, 
namely (i) the chemoselective conversion of CO2 to a single product while minimizing the 
competitive reduction of protons to hydrogen, (ii) long-term stability under environmentally 
friendly aqueous conditions, and (iii) unassisted light-driven CO2 reduction that does not 
require external electrical bias and/or sacrificial chemical quenchers. Indeed, synthetic 
homogeneous and heterogeneous CO2 catalysts are often limited by product selectivity 
and/or aqueous compatibility, whereas enzymes show exquisite specificity but are 
generally less robust outside of their protective cellular environment. In addition, the 
conversion of electrosynthetic systems to photosynthetic ones is non-trivial owing to the 
complexities of effectively integrating components of light capture with bond-making and 
bond-breaking chemistry.  
 
Inspired by the process of natural photosynthesis in which light-harvesting, charge-
transfer, and catalytic functions are integrated to achieve solar-driven CO2 fixation,32-35 
we have initiated a program in solar-to-chemical conversion to harness the strengths 
inherent to both inorganic materials chemistry and biology.36 As shown in Scheme 2.1, 
our strategy to drive synthesis with sustainable electrical and/or solar energy input37 
interfaces a biocompatible photo(electro)chemical hydrogen evolution reaction (HER) 
catalyst with a microorganism that uses this sustainably generated hydrogen as an 
electron donor for CO2 reduction. Important previous reports have shown the feasibility of 
electrosynthesis38-42 but have not yet established solar-driven processes. We selected 
methane as an initial target for this approach owing to the ease of product separation, the 
potential for integration into existing infrastructures for the delivery and use of natural gas 
(of which CH4 is the principle component), and the fact that direct conversion of CO2 to 
CH4 with synthetic catalysts remains a formidable challenge due to large overpotentials 
and poor CH4/H2 selectivity. Two of the most active and selective direct electrocatalysts 
for CO2 to CH4 conversion reported to date produce methane with 61%43 and 76%44 
Faradaic efficiencies, but require overpotentials of η = 1.28 V and η = 1.52 V, respectively. 
Promising advances in photothermal reduction of CO2 to CH4 also have been recently 
reported.45 In comparison to fully inorganic catalysts, a distinct conceptual advantage of 
this hybrid materials biology approach, where the materials component performs water 
splitting to generate hydrogen and the biological component utilizes these reducing 
equivalents for CO2 fixation, is that one can leverage the fact that biological catalysts 
operate at near thermodynamic potential.46 As such, the only overpotential involved is 
associated with hydrogen evolution from water, a more facile reaction to catalyze via 
sustainable electrochemical and photochemical means compared to CO2 reduction. 
Coupled with the diversity of potential chemical products available via synthetic biology, 
the marriage between artificial and natural platforms can create opportunities to develop 
catalyst systems with enhanced function over the individual parts in isolation. 
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In developing hybrid bioinorganic platforms for solar-to-chemical conversion of CO2, we 
drew inspiration from both tandem organometallic-microbial systems,47,48 in which 
products of microbial metabolism are further transformed by organometallic catalysts, as 
well as biological electrosynthesis, in which organisms accept reducing equivalents from 
an electrode either in the form of soluble electron carriers (for example, H2 or 
formate)41,49,51 or via direct electron transfer.36,51-53 Engineered strains of Ralstonia 
eutropha have been used for the aerobic production of isobutanol and 3-methyl-1-
butanol,41 and isopropanol.42 However, owing to the oxygen requirements of this 
organism and the relative inefficiency of its carbon fixation pathways,54 product titers and 
production efficiencies are relatively modest, and generation of reactive oxygen species 
is a serious concern. In addition, no photosynthetic systems of this type have been 
reported. As such, we turned our attention to the use of a pure culture of Methanosarcina 
barkeri, an obligately anaerobic archaeon that fuels its metabolism via the 8-proton, 8-
electron reduction of CO2 to CH4.55 Prior studies have reported methanogenic 
electrosynthesis;51,53,56 however, a fully light-driven system remains to be realized. 
Additionally, mixed cultures and multiple possible sources of reducing equivalents have 
complicated Faradaic efficiency measurements in previous studies.51,53,56 Through the 
design of our hybrid system, we sought to surmount some of these aforementioned 
challenges. 
 
Here we report an integrated bioinorganic catalyst platform for solar-to-chemical CO2 
conversion using sustainable inorganic hydrogen generators in conjunction with CO2-
fixing archaea. Under electrosynthetic conditions with a platinum cathode, a culture of M. 
barkeri shows chemoselective conversion of CO2 to CH4 with high Faradaic efficiencies 
(up to 86%) and low overpotential (η = 360 mV). The system is also capable of high yield 
production, cumulatively generating 110 mL (4.3 mmol) of methane over 7 d. Isotope 
labeling with 13CO2 establishes that CH4 is uniquely derived from CO2 for cultures in both 
rich media and minimal, carbon-free media. Replacement of Pt with a newly synthesized 
earth-abundant α-NiS electrocatalyst allows for CH4 generation at similar titers. Moreover, 
employing a photoactive silicon cathode reduces the overpotential to 175 mV upon 
irradiation with 740 nm light. Unassisted light-driven methane generation was achieved 
using tandem solar absorption by a photoactive n-TiO2 anode and p-InP cathode 
assembly. Taken together, the results demonstrate the feasibility of combining compatible 
inorganic and biological systems to achieve solar-to-chemical conversion from light, H2O, 
and CO2, affording a starting point for the realization of sustainable fixation of CO2 to 
value-added molecules. 
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Results and Discussion 
 
Selection of biological catalyst. Careful organism selection is critical to the successful 
realization of an integrated bioinorganic system. The autotrophic obligate anaerobe 
Methanosarcina barkeri55 is amenable to integration with inorganic catalysts for a variety 
of reasons. M. barkeri can use H2 as a source of reducing equivalents for the reduction 
of CO2 to CH4; the cathode of a water-splitting device could serve as a potential source 
of this H2. Owing to the anaerobic metabolism of the organism, oxygen is not required at 
the cathode, thereby improving Faradaic efficiency for the product of interest, simplifying 
gas delivery to the culture, and preventing generation of potentially harmful reactive 
oxygen species. Furthermore, CH4 is generated with high efficiency as a byproduct of 
normal metabolism. Finally, M. barkeri requires no added sources of reduced carbon and 
can produce CH4 in minimal media containing only supplemental vitamins and minerals. 
 
Electrochemical reduction of carbon dioxide to methane with a hybrid 
platinum/archaea catalyst platform. Initial experiments were performed using a 
platinum cathode to electrochemically generate H2, which was subsequently used in situ 
by M. barkeri to reduce CO2 to CH4. Fig. 2.1A shows a general schematic of the gastight, 
two-compartment electrochemical cell that was specially fabricated for batch-mode 
electrolysis and subsequent headspace analysis by gas chromatography (GC). 
Separation of the cathodic and anodic chambers with an ion-permeable membrane 
prevented any noticeable diffusion of O2 into the culture. After inoculation of the cathodic 
chamber with M. barkeri (130 mL final volume, OD600nm = 0.35) and saturation of the 
carbon-free catholyte with pure CO2, galvanostatic electrolysis was performed at a current 
of 2.5 mA (j = 0.29 mA/cm2, η = 360 mV*) for 12 h. The headspace was analyzed by GC 
and replaced by sparging with fresh CO2 before restarting the electrolysis. Methane 
production was linear under these conditions and cumulatively resulted in 16.8 ± 0.6 mL† 
CH4 (0.660 ± 0.024 mmol) over 3 d with an average Faradaic efficiency of 81 ± 3% (n = 
3)‡ (Fig. 2.1B). Electrolysis was subsequently conducted in rich media containing yeast 
extract and casitone; variation of the applied current from 1 mA (j = 0.12 mA/cm2) to 7.5 
mA (j = 0.88 mA/cm2) shows that CH4 generation is proportional to applied current, 
suggesting that the system is operating in a hydrogen-limited regime (Fig. 2.1C). The 
highest Faradaic efficiency, 86 ± 3%, was observed with an applied current of 2.5 mA (j 
= 0.29 mA/cm2). A slight decrease in Faradaic efficiency was observed at higher current 
densities. We speculate that increased rates of HER cause H2 to be less effectively 
delivered to the culture solution with loss to the headspace. 
 
To test the limits of CH4 production of the system, the organisms were electrolyzed at 7.5 
mA for 7 d (Fig. 2.1D). The headspace of the cathodic chamber was sampled at 24 h 
intervals and subsequently exchanged with fresh CO2. During each 24 h period, 15.6 ± 
0.7 mL CH4 (0.613 ± 0.028 mmol) were produced; this value corresponds to cumulative 
methane production of 109 ± 5 mL (4.28 ± 0.20 mmol) over 7 d at an average Faradaic 
efficiency of 75 ± 4% (n = 3). Moreover, the hybrid bioinorganic system showed no loss 

                                                 
* See Materials and Methods section for calculation of overpotentials. 
† All volumes reported in this work assume 1 atm pressure and a temperature of 310 K. 
‡ All errors represent standard deviation unless otherwise noted. 
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in efficiency over the course of the experiments, which were terminated due to time 
constraints rather than a decrease in performance. Taken together, these data establish 
that there are no viability concerns on the timescale tested and presage the possibility of 
extended operation with a single inoculation of biomass. 
 
A series of isotopic labeling experiments were conducted to show that the observed 
methane was derived from carbon dioxide as the source feedstock. Electrolysis cells 
containing nitrogen-sparged rich media were inoculated with M. barkeri. The headspace 
of one cell was filled with 12CO2 and another with 13CO2, and both were subjected to a 
galvanostatic electrolysis at a current of 2.5 mA. High resolution gas chromatography-
mass spectrometry was used to show that only 13CH4 was observed when electrolyzed 
under an atmosphere of 13CO2 (Fig 2.1F), whereas only 12CH4 was observed in the 12CO2 
control experiment (Fig 2.1E). Based on the limit of detection and amount of methane 
generated, < 4% of the observed methane could potentially come from sources other than 
CO2. Similarly, only 13C-labeled methane was observed when the electrolysis was 
performed in minimal media (Fig. 2.7). Based on the limit of detection and amount of 
methane generated, < 7.5% of the observed methane could potentially come from 
sources other than CO2 under these conditions.  
 
Synthesis and characterization of α-NiS HER catalyst and its use in carbon dioxide 
to methane conversion. After demonstrating CO2-to-CH4 conversion by M. barkeri 
during in situ electrolysis using a platinum HER cathode, we sought to replace the 
precious metal catalyst with an earth-abundant alternative. Several HER catalysts 
containing only first-row transition metals have been recently reported;57-60 among these 
examples, metal chalcogenides have featured prominently.61-67 In addition to low 
overpotential and long-term stability, another requirement for a bio-materials hybrid 
system is that the catalyst must operate in aqueous media within a biologically relevant 
pH range (pH 5-8) and be non-toxic to the organism. Relatively few published examples 
meet all of these criteria. As such, we developed nanoparticulate α-NiS as a 
biocompatible HER catalyst for integration with M. barkeri cultures.  
 
Nanoparticulate nickel sulfide was prepared by microwave irradiation (250 °C, 30 min) of 
an aqueous solution of nickel chloride, thioacetamide, and ammonium hydroxide (Fig. 
2.5A). The resulting black powder was rinsed with water and isopropanol and dried under 
vacuum overnight. The newly synthesized catalyst was stored in a capped vial in air and 
retained activity for several months. Characterization by powder X-ray diffraction 
confirmed that the product is crystalline and identified the primary phase as α-NiS (JCPDS 
number 77-1624) (Fig. 2.5B). TEM images show polydisperse hexagonal particles of 20-
100 nm in diameter (Fig. 2.8). The nickel-to-sulfur ratio was verified to be 1:1 by EDX 
spectroscopy based on the nickel L and sulfur K peaks (Fig. 2.5C), a result which was 
further corroborated by ICP-OES measurements. High resolution TEM images taken 
along the [010] axis confirm the assignment of single crystalline α-NiS based on the (100) 
and (001) lattice planes (Fig. 2.5D). Thermogravimetric analysis shows negligible loss of 
mass until 600 °C, suggesting the absence of surface-bound organics (Fig. 2.9). 
 



24 

Electrocatalytic properties of the α-NiS particles were evaluated using rotating disk 
electrochemistry and chronopotentiometry. As shown in the polarization curve (Fig. 2.5E), 
crystalline α-NiS is an active HER catalyst in pH 7 potassium phosphate buffer and 
achieves current densities of 1 and 5 mA/cm2 at overpotentials of η = 275 and 350 mV, 
respectively. The observed Tafel slope of 111 mV/dec is similar to the predicted 118 
mV/dec for a process in which the Volmer step (formation of an adsorbed H intermediate) 
is rate-determining.68 The exchange current density, j0, is 3.5 × 10-2 mA/cm2 based on 
extrapolation of the Tafel plot (Fig. 2.5F). These parameters compare favorably to other 
heterogeneous, first-row transition metal HER catalysts, especially given the ease of 
synthesis (Table 2.1).  
 
A suspension of NiS powder in 3:1 ethanol:water with nafion binder was deposited on 
conductive carbon cloth to fabricate larger-scale electrodes for hydrogen generation and 
long-term stability measurements. Galvanostatic experiments at a current of 2.5 mA were 
run for 24 h; the Faradaic efficiency for hydrogen generation was found to be 95 ± 4% (n 
= 3) (Fig. 2.4). As shown in Fig. 2.6B, the potential applied during these experiments does 
not significantly decay over the course of several days, indicating that the catalyst is stable 
under such conditions.  
 
Having established the efficacy and stability of α-NiS as a catalyst for HER at biologically 
relevant pH, we sought to interface it with a M. barkeri culture for electrochemical methane 
production. A piece of conductive carbon cloth with 1.4 mg deposited α-NiS catalyst was 
used as an earth-abundant replacement for platinum. In a galvanostatic experiment at 2.5 
mA (javg = 0.28 mA/cm2, η = 695 mV), 5.1 ± 0.2 mL CH4 (0.20 ± 0.01 mmol) were 
generated in 24 h, cumulatively generating 15.4 ± 0.8 mL CH4 (0.605 ± 0.031 mmol) over 
3 d with an average Faradaic efficiency of 73 ± 5% (n = 3) (Fig. 2.10). These values are 
comparable to those obtained for the corresponding platinum experiments. When the 
current was increased to 7.5 mA (javg = 0.83 mA/cm2), experiments using α-NiS/C were 
virtually indistinguishable from Pt in terms of daily and cumulative methane, producing 
108 ± 4 mL CH4 (4.24 ± 0.16 mmol) over 7 d with an average Faradaic efficiency of 74 ± 
2% (n = 3) (Fig. 2.5G).  
 
Photoelectrochemical generation of methane from carbon dioxide. Having 
performed electrochemical conversion of CO2 to CH4, we next sought to develop a 
photoelectrochemical system in which a portion of the potential required for water splitting 
is contributed by light. Indeed, transforming electrochemical systems to photochemical 
ones remains challenging. To achieve this goal, we sought to employ semiconductor 
photocathodes coated with a thin film HER catalyst. The overall performance of such an 
assembly is determined by a tradeoff between efficient catalysis and light absorption: 
thicker films confer superior electrocatalytic activity and stability, whereas thinner and 
more transparent films allow for greater photon capture. Though α-NiS proved effective 
as an earth-abundant HER electrocatalyst, previously published work from our 
laboratories on the electrodeposition of a related cobalt sulfide film on planar n+/p-Si 
showed that the current density under illumination drastically diminished as the thickness 
of the film increased.62 For this reason, we chose to employ a nickel/molybdenum alloy, 
a previously characterized earth-abundant HER catalyst, which has shown favorable 



25 

performance under photocatalytic conditions despite having a slightly larger overpotential 
than platinum.69 Photoactive cathodes were prepared by sputtering a thin layer of Ni/Mo 
alloy atop TiO2-passivated n+/p-Si (Fig. 2.11A). To confirm hydrogen evolution, abiotic 
galvanostatic experiments at a current of 2.5 mA (javg = 0.36 mA/cm2) were run for 24 h 
while illuminating the cathode with 740 nm light (20 mW/cm2); Faradaic efficiencies for H2 

were 103 ± 3% (Fig. 2.4). A light toxicity control experiment with M. barkeri showed that 
methane generation is not affected by illumination at this wavelength (Fig. 2.12A). 
Biological galvanostatic electrolysis at 2.5 mA with the photocathode (740 nm 
illumination) generated 17.6 ± 2.1 mL CH4 (0.692 ± 0.083 mmol) with a Faradaic efficiency 
of 82 ± 10% (n = 3) with only 175 mV overpotential (Fig. 2.11B).  
 
Unassisted light-driven synthesis of methane from carbon dioxide. Finally, we 
sought to construct a fully light-driven hybrid bioinorganic system for CO2-to-CH4 
conversion through the use of a tandem semiconductor assembly. In this setup, full-
spectrum light first impinges on a large band gap anode (nanowire n-TiO2 on fluorine-
doped tin oxide (FTO)), where water oxidation generates oxygen.37 The filtered, lower 
energy light subsequently illuminates a smaller band gap cathode (p-InP coated with Pt), 
where water reduction generates hydrogen (Fig. 2.11C). The electrochemical cell design 
described above required slight modifications for unassisted photochemical experiments: 
a 1 in diameter quartz window was added to the anodic chamber to prevent initial filtering 
of the full spectrum light by glass, and the anode and cathode compartments were 
separated by an anion exchange membrane to minimize pH changes. This linked two-
electrode assembly generates non-zero photocurrent under illumination (iavg = 0.17 mA, 
javg = 0.057 mA/cm2 during the first hour) (Fig. 2.6D). The Faradaic efficiency for hydrogen 
generation in abiotic experiments is 100 ± 8% (Fig. 2.4) (n = 4). Prior to introduction of M. 
barkeri into such a system, galvanostatic control electrolyses of a M. barkeri culture were 
performed using Pt electrodes under illuminated and non-illuminated conditions. When 
only the n-TiO2/FTO anode was used as a light filter, lower than expected Faradaic 
efficiencies for methane were observed in the illuminated experiment (Fig. 2.12B); this is 
in agreement with literature concerning the photosensitivity of methanogenic archaea to 
blue light.70,71 Installation of a 455 nm filter directly after the photoanode restored the 
Faradaic efficiency for methane to expected levels (Fig. 2.12B). Experiments to produce 
methane using this hybrid bioinorganic system were conducted similarly to those 
described earlier except headspace analysis was performed only once per experiment 
after 72 h. On average, 1.75 mL CH4 (68.8 nmol) (n = 2) were produced in illuminated 
experiments, while only 0.58 mL CH4 (22.8 nmol) (n = 3) were produced in identical non-
illuminated controls (Fig. 2.11D). We note that higher background levels of methane 
production were observed in these unassisted photochemical experiments compared with 
the electrochemical and photoelectrochemical experiments and speculate that this may 
be due to biological corrosion of the multi-component photocathode, a phenomenon 
previously documented in other systems.53,72 Subtraction of the background methane 
results in an average Faradaic efficiency of 74%. This result clearly demonstrates the 
successful conversion of CO2 to CH4 using light as the sole energy input. 
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Conclusion 
 
In summary, we have established a hybrid bioinorganic approach to solar-to-chemical 
conversion by transforming carbon dioxide and water to the value-added chemical 
product methane. The present integrated system couples inorganic hydrogen generation 
catalysts powered by sustainable electrical and/or solar energy inputs with a biological 
catalyst that can harvest reducing equivalents from H2 to convert carbon dioxide to 
methane with up to 86% Faradaic efficiency. The data show that the low aqueous 
solubility and mass transfer rate of hydrogen do not preclude it from being an effective 
molecular redox carrier and offer a starting platform for potential integration with 
sustainable sources of electricity (e.g. solar, wind, hydrothermal, nuclear, etc.). Indeed, a 
solar-to-chemical efficiency of 10% and an electrical-to-chemical efficiency of 52%, which 
compare favorably to previously reported systems,73 are possible given caveats of 
materials and biological integration, assuming efficiency values of 20% for solar-to-
electrical conversion using a commercially available photovoltaic and 70% for electrical-
to-hydrogen conversion in an optimized system,74 as well as 86% energetic efficiency for 
H2 to CH4 based on thermodynamic values. Furthermore, we have developed an earth-
abundant nanoparticulate nickel sulfide HER catalyst that operates effectively under 
biologically compatible conditions. At an applied current of 7.5 mA, use of the α-NiS 
catalyst results in 110 mL (4.3 mmol) of methane over 7 d with a Faradaic efficiency of 
74%, comparable to Pt. Moreover, we have demonstrated that use of a photoactive silicon 
cathode results in an overpotential of only 175 mV, allowing for greater methane 
generation from a defined quantity of electrical energy. Finally, combining a n-TiO2 
photoanode with a p-InP photocathode allows for fully unassisted light-driven conversion 
of CO2 to CH4. By realizing an effective artificial photosynthesis platform for the production 
of a value-added chemical product from light, CO2, and water, these results provide a 
starting point for achieving sustainable chemistry with materials biology.  
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Materials and Methods 
 
Materials. Reagents were purchased from commercial sources as noted in the 
Supplementary Information and used without further purification. Ultra high purity gases 
purchased from Praxair (Danbury, CT) were used for all anaerobic manipulations. 13C-
labeled CO2 was purchased from Cambridge Isotopes (Tewksbury, MA). Distilled water 
(dH2O) was deionized to a resistivity of 18.2 MΩ·cm using a Millipore Milli-Q UF Plus 
system (ddH2O).  
 
Strain details and culture conditions. Methanosarcina barkeri (ATCC 43241) was 
purchased from the American Type Culture Collection (Manassas, VA). All culture 
manipulations were performed inside a Vacuum Atmospheres Nexus One glovebox with 
an atmosphere of 90% nitrogen and 10% hydrogen. Oxygen levels and humidity levels 
within the box were controlled using a STAK-PAK palladium catalyst and desiccant 
system in a Coy Laboratory Products unheated fan box. M. barkeri primary cultures were 
propagated in 18 × 150 mm Balch tubes with butyl rubber stoppers and aluminum crimp 
seals using ATCC medium 1043 with deoxygenated methanol (1% v/v) as the growth 
substrate. Secondary cultures were started by diluting late exponential phase primary 
cultures 1:100 into 1 L of ATCC medium 1043 in a 2 L anaerobic media bottle with 
deoxygenated methanol (1% v/v) as the growth substrate.  All cultures were grown at 37 
°C with shaking (200 rpm). The primary culture was propagated by diluting 1:100 into 
fresh ATCC 1043 medium every 4 d for approximately 3-4 months, or until changes in 
growth patterns were observed. Glycerol stocks were used for long-term culture storage. 
 
General experimental setup. A M. barkeri secondary culture was harvested after 4 d of 
growth by centrifugation at 6,000 × g for 7 min at 4 °C using o-ring-sealed centrifuge 
bottles. After centrifugation, the pellets were combined and washed twice with methanol-
free media (200 mL). The final washed pellet was resuspended in fresh methanol-free 
media (20 mL). At this point, the OD600nm of the culture was determined by diluting the cell 
suspension 1:100 into 10 mM Tris buffer (pH 8.5).  
 
The electrolysis cells (Fig. 2.2) were assembled inside an anaerobic glovebox. The 
appropriate media was added to the cathodic (130 mL) and anodic (70 mL) compartments 
as specified in the Supplementary Information. Additionally, a magnetic stirbar was added 
to the cathodic compartment. The resuspended cell pellet was used to inoculate the 
cathodic side of the electrolysis cell to a final OD600nm of 0.35. Appropriate electrodes 
were added to the cathodic and anodic compartments, and the tightly sealed electrolysis 
cells were removed from the anaerobic chamber. Once outside, the cathodic 
compartment was sparged with CO2 for 5 min using the internal sparge line. Helium (1 
mL) was injected into the cathodic headspace as a gaseous internal standard. The 
electrolysis cells were submerged to the horizontal flanges in water baths set to 37 °C. 
The cultures were stirred at 300 rpm for the duration of the experiment. In experiments 
with 24 h (12 h) timepoints, the experimental interval consisted of 23 h (11.5 h) of 
electrolysis followed by a 1 h (0.5 h) period for headspace analysis and sparging. GC-MS 
analysis was performed at each timepoint by direct introduction of the headspace into a 
GC sampling loop as described in the Supplementary Information. Immediately after 
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sampling, the headspace of the cathodic chamber was exchanged by sparging with fresh 
CO2 for 5 min via the internal sparge line, followed by injection of a helium (1 mL) internal 
standard.  
 
Synthesis of α-NiS catalyst. Freshly prepared solutions of NiCl2·6H2O (0.2 M), 
thioacetamide (0.4 M), and 5 % (v/v) ammonium hydroxide were prepared using ddH2O. 
Nickel chloride solution (2 mL) and thioacetamide solution (2 mL) were combined in a 10 
mL microwave reaction vial and sparged with N2 for 10 min. Upon addition of ammonium 
hydroxide solution (40 µL), a small amount of yellow precipitate was observed. The 
reaction tube was then capped under N2 and microwaved for 30 min at 150 °C with a 5 
min temperature ramp using a CEM microwave reactor (Matthews, NC). Following the 
reaction, the supernatant was decanted and the black particles were washed three times 
with ddH2O and once with isopropanol by centrifuging the sample, decanting the 
supernatant, and resuspending the particles. Drying under vacuum overnight yielded a 
fine black powder (22 mg, 61% yield). The product was characterized by rotating disk 
electrochemistry (RDE) and galvanostatic experiments, powder X-ray diffraction (pXRD), 
energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), 
high-resolution TEM, inductively coupled plasma-optical emission spectroscopy (ICP-
OES), and thermogravimetric analysis (TGA) as described in the Supplementary 
Information. The catalyst was stored in air for 3-4 months, after which time it was found 
to be no longer active for HER. 
 
Electrochemical details. All electrochemical experiments were performed using a BASi 
Epsilon potentiostat (West Lafayette, IN). Pt gauze (electrochemical grade, purchased 
from Alfa Aesar or Sigma Aldrich) was used as the anode in all experiments except the 
unassisted full-splitting, where a n-TiO2-coated FTO anode was used instead. The 
reference electrode was an aqueous Ag/AgCl electrode (3.5 M KCl) purchased from 
BASi. All reference electrodes were externally calibrated to potassium ferricyanide in pH 
7 phosphate buffer (Fe3+/2+ couple is 0.436 V vs SHE) before and after each experiment. 
No iR compensation was applied.   
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Figures and Schemes 

 

 

 

Scheme 2.1. General scheme depicting a hybrid bioinorganic approach to solar-to-chemical conversion. 
Sustainable energy inputs in the form of electrical potential or light can be used to generate hydrogen from 
water using inorganic HER catalysts; biological hydrogen-driven CO2 fixation can subsequently generate 
value-added products such as methane. This materials biology interface can be generalized to other 
chemical intermediates and end products by mixing and matching different compatible inorganic and 
biological components. 
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Figure 2.1. Electrocatalytic reduction of carbon dioxide to methane with a hybrid platinum/M. barkeri 
platform. (A) Schematic of generalized electrolytic setup showing in situ generation of hydrogen at the 
cathode followed by hydrogen-driven reduction of carbon dioxide to methane by the M. barkeri biocatalyst. 
(B) Cumulative methane generation and associated average Faradaic efficiency in minimal media. (C) 
Cumulative methane generation and associated average Faradaic efficiencies at various currents in rich 
media. (D) Cumulative long-term methane generation and associated average Faradaic efficiency in rich 
media. (E and F) High-resolution mass spectrometry of headspace gases after electrolysis under an 
atmosphere of (E) 12CO2 and (F) 13CO2 in rich media. Error bars represent SD with n = 3 independent 
experiments in all cases. 
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Figure 2.2. Electrolysis cell photographs. The electrolysis cell as described above (see Design of 
Photo/Electrochemical Cells) viewed from different angles. Important design features are highlighted: (a) 
anode chamber with platinum anode visible, (b) cathode chamber with platinum cathode and Ag/AgCl 
reference electrode visible, (c) electrical connection to cathode, (d) electrical connection to reference 
electrode, (e) CO2 line for solution sparging, (f) GC connection for headspace sampling, and (g) resealable 
septum for manual gas injection/sampling. 
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Figure 2.3. GC calibration curve for H2 and CH4 quantification. Hydrogen and methane calibration curves 
were generated by injecting known amounts of H2 and CH4 into an electrochemical cell prepared identically 
to those used in gas measurement experiments. Headspace samples were introduced onto a GC by first 
evacuating the sample loop (1 mL) and subsequently opening it to the electrochemical cell. Peak areas 
determined by GC are reported as a ratio compared with the He internal standard (1 mL). Data are mean 
± SD (n = 3). 
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Figure 2.4. High-resolution mass spectra of headspace gases after electrolysis under 12CO2 or 13CO2 
atmospheres. Experimental setup is as described. After setup under N2 in the specified media, the 
headspace of the electrolysis cell was replaced with 12CO2 or 13CO2. He (1 mL) was added as an internal 
standard for final methane quantification. Each experiment was electrolyzed at 2.5 mA using a platinum 
cathode and anode. After 3 d, the headspace was analyzed using high-resolution mass spectrometry, with 
representative mass spectra presented below. (A) 12CO2 headspace, carbon-free media, (B) 13CO2 
headspace, carbon-free media, (C) abundances of parent ions and fragments in carbon-free media, and 
(D) abundances of parent ions and fragments in rich media (see Fig. 2 E and F for corresponding spectra). 
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Figure 2.5. Synthesis and characterization of a biocompatible, earth-abundant HER catalyst for use in 
hybrid bioinorganic systems. (A) Synthesis of α-NiS nanoparticles. (B) pXRD pattern of α-NiS. (C) EDX 
spectrum of α-NiS. (D) HRTEM images of α-NiS. (E) Polarization curve (RDE) of α-NiS on glassy carbon 
compared with glassy carbon background, 1 M KPi (pH 7), scan rate 5 mV/s, rotation speed 1,500 rpm. (F) 
Corresponding Tafel plot. (G) Cumulative long-term methane generation and associated average Faradaic 
efficiency using an α-NiS/carbon cloth cathode is comparable to results obtained with platinum cathodes. 
Error bars represent SD with n = 3 independent experiments. 
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Figure 2.6. TEM characterization of α-NiS nanoparticles. TEM image of α-NiS nanoparticles showing 
polydisperse hexagonal particles 20–100 nm in diameter. 
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Figure 2.7. TGA of α-NiS catalyst. The absence of a significant loss in mass until ∼450 °C indicates a lack 
of surface-bound ligands on the α-NiS nanoparticles. Experiment was performed under an atmosphere of 
N2 to prevent sample oxidation. 
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Catalyst Onset, 
mV 

η, mV, at 2 
mA/cm2 

Tafel slope, 
mV/dec 

jo, 
mA/cm2 

Ref. 

α-NiS 140 300 111 3.5 × 

10−2 

This 

work 

FeS 325 700 150 6.6 × 

10−4 

63 

Co9S8@C 100 190 –– –– 65 

FeP* 30 60 –– –– 58 

Ni3S2/Ni 180 ∼180 118 –– 66 

NiS2 175 310 69 –– 67 

Co/P/O 

film 

50 385 140 3.0 × 

10−2 

57 

Co–S film 43 83 93 0.256 62 

Ni–S film 170 260 77 –– 64 

 

Table 2.1. Comparison of various first-row transition metal HER catalysts at neutral pH. 
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Figure 2.8. FEs for H2 generation for electrolysis, photoassisted electrolysis, and unassisted water splitting 
with Pt, α-NiS/C, n+/p-Si/NiMo, and p-InP/Pt cathodes. Experimental setup is as described, except that no 
M. barkeri was inoculated into the electrolysis cell. A galvanostatic experiment was conducted using Pt, α-
NiS/C, or illuminated n+/p-Si/NiMo by passing a current of 2.5 mA for 23 h (n = 3 independent experiments). 
The p-InP/Pt cathodes were illuminated at 2.2 W/cm2 for 1–6 h (n = 4 independent experiments). H2 in the 
headspace was quantified by GC using He as an internal standard. FEs for H2 were calculated according 
to the following equation: FEH2= VF/500QRTFEH2= Vℱ/500QRT, where V is the volume of H2 measured 
in mL (assumed at 1 atm), ℱ is Faraday’s constant, Q is charge passed in C, R is the universal gas constant 

(0.082 L atm K−1⋅mol−1), and T is the temperature (310 K). Error bars represent SDs. 
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Figure 2.9. Representative galvanostatic and potentiostatic traces for (photo)electrochemical and 
photochemical experiments with a M. barkeri culture. For each of the galvanostatic experiments shown 
above (A–C), a current of 2.5 mA was passed for 23 h. A standard three-electrode cell setup was used, 
where the anode is Pt mesh, and the cathode is as listed below. For the potentiostatic experiment (D), a 
two-electrode cell setup was used in which the counter and reference leads were shorted on the illuminated 
n-TiO2 anode, and the working lead was attached to the illuminated p-InP/Pt cathode. The full cell potential 
was maintained at 0 V for 69 h. (A) Pt cathode, (B) α-NiS/C cathode, (C) n+/p-Si/NiMo cathode illuminated 
at λ = 740 nm, and (D) n-TiO2 and p-InP/Pt linked assembly illuminated with full spectrum and λ > 455 nm, 
respectively. 

 

 

 

 

 

 

 

 

 

 



40 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Galvanostatic experiment (2.5 mA) with α-NiS/C cathode. Experimental setup and electrode 
preparation is as described. Cumulative methane generation and associated average FE in rich media are 
shown compared with a non-electrolyzed control. Error bars represent SD with n = 3 independent 
experiments. 
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Figure 2.11. Photoelectrochemical and unassisted solar-driven conversion of carbon dioxide to methane 
with hybrid bioinorganic catalysts. (A) Schematic of electrode setup for photoelectrochemical water splitting. 
(B) Cumulative photoelectrochemically derived methane and associated average Faradaic efficiency with 
an n+/p-Si/NiMo photocathode illuminated with 740-nm light in rich media. Error bars represent SD with n 
= 3 independent experiments. (C) Schematic of electrode setup for unassisted solar water splitting. (D) 
Average methane produced after 3 d under illuminated (n = 2) and nonilluminated (n = 3) conditions using 
an n-TiO2 photoanode and a p-InP/Pt photocathode with no applied potential. 
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Figure 2.12. Evaluation of microbial light toxicity. Experimental setup is as described. (A) Illuminated (λ = 
740 nm) and nonilluminated galvanostatic electrolyses (2.5 mA, Pt cathode) show comparable methane 
production, indicating that illumination with this wavelength does not affect methane production over the 
course of 72 h (n = 1). (B) Illuminated (full-spectrum light) and nonilluminated galvanostatic electrolyses 
(2.5 mA, Pt cathode) were performed. When n-TiO2/FTO was used as the only light filter, a lower than 
expected FE for methane was observed in the illuminated experiment. Upon addition of a 455-nm filter after 
the n-TiO2/FTO, FEs for methane were similar between illuminated and nonilluminated experiments (n = 
1). 
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Chapter 3: 

The Role of a Bis(Aryl)Urea Additive as a Cooperative Hydrogen-Bond Donor in Carbon 
Dioxide Reduction Catalysed by Nickel Cyclam 
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Abstract 
 
Rising atmospheric carbon dioxide levels and a vision of using CO2 as an abundant 
carbon feedstock have motivated the development of effective electrocatalysts for 
the transformation of CO2 into value-added chemical products. In this work, we 
examine the role of a two-point, cooperative hydrogen-bond donor urea as an 
additive to enhance CO2 reduction catalysis. Using Ni(cyclam)2+ as a catalyst, 
addition of 10 equivalents of urea additive increases the rate of catalysis by a factor 
of 4. We show that a control additive possessing only one hydrogen-bond donor 
does not exhibit the same ability to enhance catalysis. Furthermore, comparison 
with protonated amine acids of similar pKa indicate that the additive’s acidity is not 
uniquely responsible for its activity. Controlled potential electrolysis experiments 
under these conditions confirm that the high selectivity for CO is maintained. 
Additionally, we report characterization of the [Ni(cyclam)-CO2]+ adduct by IR 
spectroscopy for the first time. We postulate that the enhancement in catalytic 
activity is due to increasing rates of the proton-coupled electron transfer step that 
follows formation of [Ni(cyclam)-CO2]+. This step is likely accelerated by 
cooperative coordination of urea to one of the oxygens of the Ni-CO2 adduct, 
making the carbon more electrophilic and the un-coordinated oxygen more basic 
and thereby facilitating the formation of the hydroxycarbonyl complex. This work 
establishes a starting point for applying principles of organocatalysis and bio-
inspired chemistry of hydrogen-bond donors to energy-related electrocatalysis, 
and provides tantalizing evidence that exploration of exogenous additives may be 
used to enhance activity or alter product selectivity without the requirements of 
complex ligand synthesis.  
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Introduction 
 
The increasing global energy demand and resulting acceleration in fossil fuel 
consumption have exacerbated environmental challenges associated with rising 
atmospheric carbon dioxide levels and motivated the development of technologies 
that would enable the transformation of CO2 into value-added chemical products.1, 

2 Electrochemical approaches to CO2 reduction are attractive as they may be 
interfaced with photovoltaic devices or other sources of clean energy.3-5 However, 
key issues of selectivity and energetic efficiency remain challenging on account of 
kinetic and thermodynamic factors. Among the molecular catalysts reported for 
selective CO2 reduction, aza-macrocycle-based catalysts have featured 
prominently.6-13 In particular, Ni(cyclam) has attracted widespread attention since 
it was first reported by Sauvage and coworkers in the 1980s.8, 9 Ni(cyclam) is 
notable for its excellent selectivity towards CO2 reduction even under mildly acidic 
aqueous conditions on a mercury electrode, but the catalytically active species has 
been shown to be adsorbed to the mercury surface and as such, presents a 
challenge for widespread application with more environmentally-friendly 
electrodes.9, 14, 15 Recently, Ni(cyclam) was shown to catalyse homogeneous CO2 

reduction with a glassy carbon electrode in both organic and aqueous media, albeit 
with lower rates than the heterogeneous adsorbed catalyst.16 For this reason, 
improving the activity of the homogeneous catalyst is still very much a challenge.   
 
In this regard, we have recently become interested in the use of additives to 
promote electrocatalytic activity without the need for elaborate ligand synthesis. 
Bioinorganic catalysts are known to modulate reactivity through axial ligation, i.e. 
imidazole coordination to hemoglobin17 and thiolate coordination to cytochrome 
P450,18, 19 or through electrostatic interactions with metal ions, i.e. the use of 
magnesium(II) in RuBisCO is essential for formation of the active carbamate 
species.20 Drawing inspiration from these natural systems, numerous biomimetic 
catalysts have applied these principles to tune catalytic activity.21-26 Ionic liquid 
additives have recently been widely applied to modulate electrochemical CO2 
reduction over numerous heterogeneous metal electrodes and structured 
materials, resulting in significant lowering of overpotentials and in some cases, 
changes in product selectivity.27-31 Ion effects have also been explored with regard 
to electrochemical CO2 reduction, acting as stoichiometric Lewis acids for the 
formation of CO and metal carbonates,32 as well as by cation hydrolysis and 
buffering of the boundary layer of a metal electrode.33, 34 Finally, hydride donor 
additives have been explored in the context of CO2 reduction, allowing for the 
synthesis of more highly reduced carbon products such as methanol, though 
questions of reusability are key.35, 36  
 
While these examples are illustrative of the power of additives to enhance or alter 
electrocatalytic transformations, the additives explored above are limited in scope 
compared to those used in organic transformations.37 In particular, we were drawn 
to co-catalyst additives such as ureas and thioureas, which have been widely 
applied in a number of organocatalytic transformations due to their ability to form 
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hydrogen bonding interactions with electrophilic and negatively-charged species.38-

46 In particular, ureas and thioureas have been shown to activate carbonyls toward 
nucleophilic attack are able to selectively stabilize oxyanions such as acetate and 
oxalate. These properties led us to consider their application to CO2 reduction 
catalysis, where the ability to engage with metal-bound CO2 intermediates could 
be envisioned to stabilize high-energy transition states or activate intermediates.  
 
Herein, we report that intermolecular addition of an electron-deficient bis(3,5-
trifluoromethyl)phenylurea to Ni(cyclam) results in enhancement of 
electrochemical activity without altering this catalyst’s high selectivity for CO. The 
role of this urea additive is elucidated by comparison with an analogous additive 
possessing only one hydrogen-bond donor and with weak acids of similar pKa, and 
is found to be dependent on the urea’s ability to engage in cooperative, two-point 
hydrogen bonding interactions. Evidence is presented in support of the hypothesis 
that urea causes a rate acceleration by interacting with the Ni-CO2 adduct to 
facilitate concurrent reduction and protonation events. These results provide a 
starting point for the exploration of a range of other organic additives designed to 
act as co-catalysts in electrochemical transformations.  
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Results and Discussion 

We initiated our examination into the effects of cooperative hydrogen-bond donor 
additives with nickel cyclam as a well-studied molecular catalyst for CO2 reduction to CO. 
Experimental information regarding the mechanism is still sparse. Catalysis is initiated by 
1-electron reduction to form Ni(I)cyclam, which subsequently reacts with CO2. This 
presumptive [Ni(cyclam)-CO2]+ intermediate has not been spectroscopically 
characterized, but has been assumed to be an η1-CO2 adduct on the basis of 
computations and analogy to related compounds.9, 11, 47-49 No other CO2- or CO-bound 
species have been characterized with the exception of [Ni(cyclam)-CO]+, which is formed 
when the highly nucleophilic Ni(I) complex is poisoned by CO in solution. This inhibited 
product has been identified by UV-vis,9, 50 IR,50, 51 and EPR spectroscopy,9 but is of limited 
interest as it does not participate directly in CO2 reduction. Recent computational work by 
Neese, Ye and coworkers suggests that the η1 coordination mode is favoured, and that a 
proton-coupled electron transfer step is the most likely route to formation of the 
hydroxycarbonyl.52 These mechanistic proposals are summarized in Scheme 3.1.  

We initiated our examination into the effects of cooperative hydrogen-bond donors on 
nickel cyclam-catalyzed CO2 reduction using the electron-deficient compound bis(3,5-

trifluoromethyl)phenylurea (1, Schreiner’s urea). The standard reduction potential, 𝑬𝒄𝒂𝒕
𝟎 , 

for the NiII/I couple in acetonitrile electrolyte is -1.82 V vs Fc/Fc+.  Urea 1 is 
electrochemically silent at these potentials, displaying a first irreversible reductive event 
at -2.5 V and a larger reductive event at potentials below -2.8 V (Fig. 3.1). Having verified 
the redox inertness of the additive at potentials relevant to CO2 reduction, urea 1 was 
titrated into a solution of nickel cyclam catalyst. Cyclic voltammograms recorded in the 
presence of 0-20 eq of 1 under Ar atmosphere show no change in the position or shape 
of the NiIII/II or NiII/I waves, indicating that urea 1 does not catalyse background reductive 
transformations or grossly affect the redox chemistry of the catalyst (Fig. 3.2A). The 
analogous voltammograms recorded under a CO2 atmosphere show a dose-dependent 
increase in current at the NiII/I peak, indicative of CO2 reduction catalysis (Fig. 3.2B). We 
note in passing that a second reduction event at -2.2 V is also enhanced upon addition of 
1; this peak has been previously attributed to the reduction of [Ni(cyclam)-CO]+,51 but will 
not be further examined in this work.  

 
Next, we sought to examine whether the ability of urea 1 to form cooperative 
hydrogen bonds is responsible for its role in promoting CO2 reduction. One 
alternate explanation involves axial coordination to the metal center, a role which 
has been previously suggested with other additives to enhance catalytic activity at 
nickel cyclam.47 The most common coordination mode of urea and substituted 
ureas to a metal center is through the oxygen. As such, the weakly donating urea 
1 seems unlikely to coordinate in the presence of acetonitrile solvent.  Another 
explanation for the observed enhancement is that only one NH donor is required. 
A control additive, 3,5-bis(trifluoromethyl)phenylamide (2), was synthesized to 
address this question (Scheme 3.2). Addition of up to 20 equivalents of compound 
2 also results in negligible enhancement of catalytic activity over Ni(cyclam) alone 
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(Fig. 3.3). This result implies that the cooperative nature of urea 1 is in fact critical 
for its activity, assuming that the acidities of 1 and 2 are comparable. This 
assumption is validated by the fact that the pKa values of the analogues lacking 
trifluoromethyl groups (diphenylurea and 2-phenylacetanilide) differ by only 1 unit 
in DMF and DMSO.53 A more comprehensive discussion of relative acidities will be 
undertaken below. The extent of catalytic enhancement in the absence or presence 
of the NH-containing additives is summarized in Fig. 3.4.  
 

We subsequently examined the effect of the urea additive in acetonitrile/water mixtures. 
Addition of water up to 1 M to an acetonitrile solution of Ni(cyclam) alone results in a 
current increase at the NiII/I wave, consistent with water’s role as a proton source (Fig. 
3.5A). The same titration in the presence of 5 equivalents of urea results in a greater 
current increase per amount of water, culminating in over double the peak catalytic 
current observed with 1 M water but without the urea additive (Fig. 3.5B). Additionally, the 
additive suppresses the reductive process occurring at -2.1 V. These experiments 
indicate that the urea additive promotes the catalytic transformation of interest under a 
variety of conditions. Water concentrations larger than 2 M showed little enhancement 
with added urea; it is surmised that under such conditions, the competitive hydrogen 
bonding network from water competes with the comparatively small amount of urea 
additive.  

 

Product selectivity was determined by controlled potential electrolysis in a home-built 
electrochemical cell designed for non-aqueous experiments. Electrolysis of a solution of 
Ni(cyclam) (2 mM catalyst, 0.1 M TBAPF6 in MeCN with 1 M water) at a potential of -1.77 
V vs Fc/Fc+ results in a Faradaic efficiency of 85% for CO, with no hydrogen detected 
(Fig. 3.6). Addition of 5 eq urea additive results in a sustained increase in current density 
over the course of the run (120 min) and an improvement in Faradaic efficiency to 91% 
for CO, again with no H2 detected. These experiments illustrate that urea 1 promotes the 
reaction of interest and does not alter the selectivity of the desired product, CO.  

 

To gain more insight into the role of the urea additive, concentration-dependence studies 
were conducted. Cyclic voltammograms were recorded during the titration of 0-5 
equivalents of urea to a solution of Ni(cyclam) in acetonitrile electrolyte (Fig. 3.7A). The 
peak catalytic current density was plotted as a function of urea concentration, giving the 
dependence shown in Fig. 3.7B, where the catalytic current rapidly saturates above 5 
equivalents. This result was explained as being the result of product (CO) inhibition of the 
catalyst, as described by Kubiak and coworkers.51 Addition of 5 equivalents of a 
stoichiometric CO scavenger, nickel tetramethylcyclam (Ni(TMC)), results in the urea 
concentration dependence shown in Fig. 3.8, where the peak current density varies 
linearly with urea concentration. Peak catalytic current is proportional to the square root 
of the observed rate constant through the relation given below, 

𝒊𝒄 =  
𝒊𝒑 𝒏

𝟎. 𝟒𝟒𝟔𝟑
 √

𝑹𝑻𝒌𝒐𝒃𝒔

𝑭𝒗
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where ic is the peak catalytic current, ip is the peak current in the absence of substrate, n 
is the number of electrons, R is the Ideal Gas constant, T is the temperature, F is 
Faraday’s constant, v is the scan rate, and kobs is the observed rate constant. Given this 
relationship, the linear correlation in Fig. 3.8 implies that the catalytic process exhibits a 
second-order dependence on urea concentration when CO dissociation is not rate-
limiting. The effect of urea additive on Ni(cyclam) in the presence of CO was also 
investigated. As shown in Fig. 3.9, a large anodic shift is observed under a CO 
atmosphere, indicative of the large CO affinity of the Ni(I)cyclam. Addition of 5 equivalents 
of urea does not change the shape or position of the peak, implying that the additive has 
no effect on CO binding.  

 

Given the results above and the proposed catalytic cycle, we postulate that the urea 
additive may be enhancing catalysis by A) acting as a source of protons unrelated to its 
status as a two-point donor; B) facilitating formation of the [Ni-CO2]+ complex through two-
point coordination and thus shifting the equilibrium from free Ni(I) to CO2-bound Ni(I); or 
C) promoting the PCET step that follows CO2 binding. The following sections will present 
evidence to support or refute these proposals.  

 

Preliminary evidence to refute the proposal that the urea additive’s role is simply as an 
acid was presented above based on comparison with the single-point NH donor amide 2. 
To gain more insight into the urea’s possible role as an acid, the pKa values of 1 and 2 
were measured spectrophotometrically in acetonitrile (see materials and methods for 
specifics) and were found to be 22 and 24, respectively. A difference of two pKa units was 
not expected to result in the dramatic difference in activity presented above. However, we 
sought to test other single-point acids with slightly lower pKas to solidify the argument. 
Among the selection criteria for such acids were the following: the pKa should be between 
18 and 20 in MeCN, the acid should be electrochemically inert in the relevant potential 
window, and the acid and conjugate base should be non-coordinating. Two protonated 
amine acids satisfied these criteria: pempidinium tetrafluoroborate54, 55 and quinuclidinium 
tetrafluoroborate59 (Scheme 3.3). Cyclic voltammograms in the presence of 10 
equivalents of each of these additives were compared to those with urea 1 and amide 2. 
All three one-point donors exhibited a similar current enhancement in the presence of 
CO2, and this enhancement was smaller than that observed in the presence of the two-
point cooperative donor urea (Fig. 3.10). Taken together, these data suggest conclusively 
that the effect observed with urea is a function of its ability to engage in cooperative, two-
point hydrogen bonds rather than its acidity alone.  

 

Next, we sought to explore the hypothesis that the urea additive may facilitate the 
formation of a nickel CO2 adduct. Central to this proposed role is the claim that CO2 
binding is reversible, with a small equilibrium constant of 4-6 M-1.51, 56 This equilibrium 
constant is measured electrochemically, based on the potential shift of the NiII/I reversible 
couple in the presence of CO2. At scan rates of 5 V/sec in dry acetonitrile electrolyte, the 
NiII/I couple is reversible under an atmosphere of CO2 as previously reported, but becomes 
irreversible even at very high scan rates of 25 V/sec when 5 equivalents of urea are added 
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(Fig. 3.11). This loss of reversibility impedes the ability to measure an equilibrium constant 
and implies that the rate of the follow-up reaction is greatly enhanced.  

 

Further details about CO2 binding at the reduced nickel center were revealed by solution 

infrared spectroscopy (IR) studies. Chemical reduction of the Ni(II) starting material (𝑬𝒄𝒂𝒕
𝟎  

= -1.82 V vs Fc/Fc+) with decamethylcobaltocene or potassium graphite in deuterated 
acetonitrile affords a solution of the Ni(I) cyclam (identified by reaction with CO, which 
gives IR stretches at 1955 cm-1 as previously reported for [Ni(cyclam)-CO]+).50, 51 Bubbling 
the solution of Ni(I)cyclam with 12CO2 leads to the formation of a species with distinct 
stretches by IR; sparging instead with 13CO2 confirms that these peaks are CO2-derived 
(Fig. 3.11). Though there are multiple species present, likely due to the multiple 
configurational isomers of Ni(cyclam) in solution, principal asymmetric and symmetric 
stretches were identified at 1501 cm-1/1443 cm-1 and 1368 cm-1/1329 cm-1 for 
12CO2/13CO2 respectively, corresponding to isotope shifts of 58 and 39 cm-1. These values 
are in the range expected for η1-CO2 complexes,57 and indicate a greater extent of CO2 

activation compared to an analogous cobalt complex bearing an amine on the ligand 
scaffold.49 Having identified the spectroscopic signature of the [Ni(cyclam)-CO2]+ 
intermediate, we endeavoured to examine the kinetics of its formation and reaction by 
stopped-flow IR spectroscopy. Mixing a solution of Ni(I)cyclam with a solution of CO2-
sparged acetonitrile led to formation of the [Ni(cyclam)-CO2]+ on a timescale faster than 
the detection ability of our setup (<120 ms). Attempts to follow the reaction of [Ni(cyclam)-
CO2]+ with an acid source, CoCp2*, and/or urea have so far proven unsuccessful. 
However, the results presented here indicate that the reduced Ni(cyclam) appears to be 
highly reactive to CO2 and suggests that this step is likely not rate-determining.  

 

Finally, we address the hypothesis that the urea additive accelerates the rate of the PCET 
reaction that follows formation of the CO2 adduct. As mentioned above, the rate of the 
electrochemical follow-up reaction is enhanced in the presence of urea as evidenced by 
the irreversibility of the NiII/I couple under CO2 even at very fast scan rates. Another piece 
of evidence in favour of this proposal is that addition of 2-20 equivalents of urea in the 
presence of Ni(TMC) CO scavenger leads to a cathodic shift in catalytic peak potential 
(Fig. 3.12). This observation is the result of a local depletion proton concentration caused 
by enhanced rates of catalysis. Thus, the mode of action most consistent with the data 
collected suggests that the urea additive enhances the rate of the PCET step, perhaps 
by coordinating to one oxygen of the nascent hydroxycarbonyl and making the carbon 
center more electrophilic.   
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Conclusions 
 
In summary, we have shown that a two-point, cooperative hydrogen-bond donor 
urea additive can be used to enhance electrochemical CO2 reduction catalysis. 
Using a canonical CO2 reduction catalyst, Ni(cyclam), addition of 10 equivalents of 
urea additive increases the rate of catalysis by a factor of 4. We show that a control 
additive, possessing only one hydrogen-bond donor, does not exhibit the same 
ability to enhance catalysis. Furthermore, comparison with protonated amine acids 
of similar pKa indicate that the additive’s acidity is not uniquely responsible for its 
activity. The urea additive exhibits an effect in acetonitrile/water mixtures 
containing up to 1 M water, and controlled potential electrolysis experiments under 
these conditions confirm that the high selectivity for CO is maintained. Chemical 
reduction of Ni(cyclam) and reaction with CO2 resulted in characterization of the 
[Ni(cyclam)-CO2]+ adduct by IR spectroscopy for the first time. Stopped-flow IR 
spectroscopy reveals that this adduct is generated rapidly, and hence is likely not 
the rate-determining step of the catalytic cycle. Instead, we observe 
electrochemically that the rate of the presumed PCET reaction that follows 
formation of the CO2 adduct is enhanced in the presence of urea. We postulate 
that this may occur through cooperative coordination of one of the CO2 oxygens, 
concomitantly making the carbon more electrophilic and the un-coordinated 
oxygen more basic and thereby facilitating the formation of the hydroxycarbonyl 
complex, [Ni(cyclam)-CO2H]+. This work establishes a starting point for applying 
principles of organocatalysis and bio-inspired chemistry of hydrogen-bond donors 
to energy-related electrocatalysis, and provides tantalizing evidence that 
exploration of exogenous additives may be used to enhance activity or alter 
product selectivity without the requirements of complex ligand synthesis.  
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Materials and Methods 

General Synthetic and Physical Methods. Unless noted otherwise, all manipulations 
were carried out at room temperature under a dinitrogen atmosphere in a VAC glovebox 
or using high-vacuum Schlenk techniques. Anhydrous DCM and proteo-MeCN were 
obtained from a JC Meyer solvent purification system. CD3CN for IR experiments was 
rigorously dried and degassed by stirring over CaH2 overnight, followed by three freeze-
pump-thaw cycles and vacuum transfer to an oven-dried Strauss flask. Dried CD3CN was 
stored in the glovebox over 3Å molecular sieves. [Ni(cyclam)][2PF6] and [Ni(TMC)][2PF6] 
were synthesized as previously reported.51 Urea 1 was prepared according to literature 
methods.58 All other reagents and solvents were purchased from commercial sources and 
used without further purification. 13C-labeled CO2 and CO were purchased from 
Cambridge Isotopes (Tewksbury, MA). NMR spectra were recorded on Bruker 
spectrometers operating at 300, 400, or 500 MHz as noted. Chemical shifts for 1H and 
13C{1H} spectra are reported in ppm relative to residual protiated solvent; those for 19F 
spectra are reported in ppm relative to an external CFCl3 standard. Coupling constants 
are reported in Hz.  
 
General Methods for Electrochemistry. Non-aqueous electrochemical experiments 
were conducted under Ar, CO2, or CO atmosphere in 0.1 M NBu4PF6 electrolyte in either 
ambiently wet MeCN or anhydrous MeCN, as specified. Cyclic voltammetry experiments 
were performed using an Epsilon potentiostat from Bioanalytical Systems, Inc. The 
working electrode for cyclic voltammetry was a 3.0 mm diameter glassy carbon disk (from 
Bioanalytical Systems, Inc.) and was polished between every scan with 0.05-micron 
alumina powder on a felt pad. The counter electrode was a platinum wire. A silver wire in 
porous Vycor tip glass tube filled with 0.1 M NBu4PF6 in MeCN was used as a pseudo-
reference electrode. All potentials were referenced against ferrocene/ferrocenium as an 
external standard. The scan rate for all cyclic voltammograms was 100 mV/sec unless 
otherwise noted. All scans were compensated for internal resistance. 
 
General Methods for Infrared Spectroscopy. Air-free liquid-cell IR experiments were 
performed in a sealed cell with CaF2 windows and a 0.55 mm spacer (Pike Technologies) 
that had been sealed with solvent-resistant epoxy. Air-sensitive samples were prepared 
and sealed in the glovebox, then quickly measured. IR measurements were acquired on 
a Bruker Vertex 80 Spectrometer equipped with a LN-MCT MID VP 1mm detector, with 4 
cm-1 resolution, an aperture of 8 mm, and a scanner velocity of 10 kHz. The sample 
compartment was continuously purged with nitrogen before and during measurements.  
 
 
[3,5-bis(trifluoromethyl)phenyl]amide (3). A 50 mL Schlenk flask was charged with 20 
mL anhydrous DCM, 3,5-bis(trifluoromethyl)phenylacetic acid (1.00 g, 3.67 mmol), and a 
catalytic amount of anhydrous DMF (29 μL, 0.37 mmol). Freshly distilled SOCl2 (0.32 mL, 
4.41 mmol) was added under a N2 atmosphere and the solution was stirred at RT for 1.5 
h. Solvent was removed under reduced pressure to afford a yellow oil. Anhydrous toluene 
(5 mL) was added, then removed under reduced pressure to assist in removal of excess 
SOCl2. The resulting acid chloride was dissolved in anhydrous DCM (20 mL) and 3,5-
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bis(trifluoromethyl)aniline (0.86 mL, 5.51 mmol) was added, followed by triethylamine 
(0.61 mL, 4.41 mmol). After reacting overnight at RT, the solvent was removed under 
reduced pressure. The product was dissolved in EtOAc and washed with water; combined 
organic fractions were dried over MgSO4 and solvent was removed under reduced 
pressure. The crude product was purified by column chromatography (starting at 2:1 
hexane:DCM and progressing to 1:3 hexane:DCM) on silica (0.65 g, 37% yield). 1H NMR 
(500 MHz, CD3CN) δ 9.02 (br s, 1H), 8.15 (s, 2H), 7.94 (s, 3H), 7.70 (s, 1H), 3.92 (s, 2H). 
13C{1H} NMR (126 MHz, CD3CN) δ 169.80, 141.30, 138.77, 132.46 (q, J = 33.3 Hz), 
131.76 (q, J = 32.8 Hz), 131.37 (m), 124.49 (q, J = 271.8 Hz), 124.29 (q, J = 271.9 Hz), 
121.87 (m), 120.12, 117.84 (m), 43.06. 19F NMR (376 MHz, CDCl3) δ -62.57, -62.89. IR 
(ATR, solid, ν (cm– 1)): 3264 (w), 3222 (w), 3186 (w), 3096 (w), 1670 (m), 1569 (m), 1469 
(m), 1374 (s), 1272 (s), 1171 (s), 1127 (s). ESI-MS calculated for C18H8F12NO (M-H)- 
482.0, found 482.4; C18H9ClF12NO (M+Cl)- 518.0, found 518.4. 
 
[pempidinium][BF4]. A solution of pempidine (0.35 mL, 1.93 mmol) in 10 mL diethyl ether 
was cooled to 0˚C. To this was added HBF4·Et2O (0.26 mL, 1.91 mmol). A white 
precipitate formed instantaneously and was collected by filtration and subsequently 
washed with excess cold diethyl ether. The salt was dried in a vacuum oven overnight at 
80˚C to afford the product (0.46 g, 99% yield). 1H NMR (400 MHz, CD3CN) δ 6.31 (t, JN-

H = 47.9 Hz, 1H), 2.71 (d, J = 3.3 Hz, 3H), 1.87 – 1.54 (m, 6H), 1.37 (s, 6H), 1.33 (s, 6H). 
19F NMR (376 MHz, CD3CN) δ -150.46. ESI-MS calculated for C7H14N (M)+ 112.1, found 
112.2. 
 
[quinuclidinium][BF4]. A solution of quinuclidine (0.5 g, 4.5 mmol) in 20 mL diethyl ether 
was cooled to 0˚C. To this was added HBF4·Et2O (0.58 mL, 4.27 mmol). A white 
precipitate formed instantaneously and was collected by filtration and subsequently 
washed with excess cold diethyl ether. The salt was dried in a vacuum oven overnight at 
80˚C to afford the product (0.745 g, 88% yield). 1H NMR (400 MHz, CD3CN) δ 6.44 (s, 
1H), 3.23 – 2.91 (m, 6H), 1.78 (dq, J = 4.5, 2.3 Hz, 1H), 1.72 (dq, J = 8.3, 3.6 Hz, 6H). 19F 
NMR (376 MHz, CD3CN) δ -151.08. ESI-MS calculated for C10H22N (M)+ 156.2, found 
156.2. 
 
Preparation of [Ni(cyclam)][PF6]. In a nitrogen-filled glovebox, [Ni(cyclam)][2PF6] (60 
mg, 0.11 mmol) was dissolved in 6 mL of anhydrous proteo- or deutero-MeCN. This 
solution was added to a vial containing potassium grahite (15 mg, 0.11 mmol) and stirred 
or agitated by pipetting for 3-5 min and subsequently filtered through glass paper to 
remove graphite residue. The dark green solution of [Ni(cyclam)][PF6] was used in situ 
within 3 hours. The identity of the reduced complex was confirmed by sparging with 12CO 
or 13CO and verifying that the Ni-carbonyl stretching frequencies of the resulting complex 
match those previously reported51 (1955 cm1- and 1911 cm-1, respectively). 
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Figures and Schemes 
 
 

 

 
 

Scheme 3.1. Proposed catalytic cycle for the reduction of CO2 to CO with Ni(cyclam). 
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Figure 3.1. Cyclic voltammogram of urea 1 under Ar atmosphere. Conditions: 1 mM 1 in 0.1 M TBAPF6 in 
ambiently wet MeCN, scan rate: 100 mV/sec.  
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Figure 3.2. Cyclic voltammograms of 1 mM Ni(cyclam) in ambiently wet acetonitrile electrolyte with 0-20 
equivalents of urea 1 under A) Ar atmosphere and B) CO2 atmosphere.  
 
 
 

A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
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Scheme 3.2. Structure of the two-point, cooperative H-bond donor urea 1, along with the control additive 
2, which bears only one H-bond donor.  
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Figure 3.3. Cyclic voltammograms showing Ni(cyclam) catalyst in ambiently wet MeCN electrolyte under 
CO2 atmosphere in the presence of 0-20 equivalents of control amide 2. 
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Figure 3.4. Summary of cyclic voltammograms of Ni(cyclam) in ambiently wet MeCN electrolyte under inert 
Ar atmosphere (black dash) and under CO2 atmosphere (black solid), compared to in the presence of 10 
equivalents of urea 1 (red) or 20 equivalents of amide 2 (blue).  
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Figure 3.5. Cyclic voltammograms of Ni(cyclam) in anhydrous MeCN electrolyte showing the effect of 
water A) without urea additive and B) in the presence of 5 eq of urea 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A)                B) 
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Figure 3.6. Controlled potential electrolysis traces showing current density as a function of time for 
electrolysis of Ni(cyclam) in the presence (red trace) or absence (black trace) of 5 equivalents of urea 
additive. Potential was held at -1.77 V vs Fc/Fc+ and electrolyte contains 1 M H2O in 0.1 M TBAPF6/MeCN. 
Amount of charge passed in each run is 0.69 C without additive and 1.56 C with additive.  
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Figure 3.7. A) Cyclic voltammograms of Ni(cyclam) showing changes to the catalytic peak response upon 
titration with 0-5 equivalents of urea 1 and B) the peak current density as a function of urea concentration, 
showing marked saturation behavior above 5 equivalents.  
 
 
 

A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
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Figure 3.8. Peak current density as a function of urea concentration in the presence of 5 equivalents of 
Ni(TMC), a stoichiometric CO scavenger. In contrast to the results in Fig. 7B, the correlation of peak current 
density with urea concentration is linear up to 20 equivalents of additive.  
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Figure 3.9. Cyclic voltammograms of the NiII/I couple of Ni(cyclam) in ambiently wet MeCN electrolyte under 
inert Ar atmosphere (black trace), under 1 atm of CO (red trace), and under 1 atm of CO in the presence 
of 5 equivalents of urea 1 (blue trace).  
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Scheme 3.3. Structures and acidity values in acetonitrile for the assorted 1- and 2-point additives examined.  
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Figure 3.10. Cyclic voltammograms of Ni(cyclam) in anhydrous MeCN electrolyte under a CO2 
atmosphere showing the extent of catalysis in the presence of 10 equivalents of urea 1 (red) compared to 
with 10 equivalents of one-point H-bond donors or acids (blue, green, and purple).  
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Figure 3.11. Infrared spectra of [Ni(cyclam)-CO2] formed with 12CO2 (red) or with 13CO2 (blue) in anhydrous 
CD3CN.  
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Figure 3.12. Correlation between catalytic peak potential and urea concentration, showing that the peak 
potential counterintuitively shifts cathodically with addition of increasing amounts of additive. Experiments 
were conducted in the presence of 5 equivalents of Ni(TMC) CO scavenger.  
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Positional Effects of Second-Sphere Amide Donors on Electrochemical CO2 Reduction 
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Abstract 
 
 
The development of catalysts for electrochemical reduction of carbon dioxide offers a 
potential solution to transforming this greenhouse gas into value-added carbon products 
with sustainable energy input. Inspired by natural bioinorganic systems that feature 
precisely positioned hydrogen bond donors in the secondary coordination sphere to direct 
chemical transformations occurring at redox-active metal centers in the primary 
coordination sphere, we now report the design, synthesis, and characterization of iron 
porphyrins bearing one-point amide hydrogen-bond donors in the second-sphere. The 
positioning of such donors greatly affects the electrocatalytic carbon dioxide reduction 
activity. In particular, an iron tetraphenylporphyrin Fe(TPP) derivative bearing a distal 
amide donor in the ortho position outperforms the turnover frequency of the positional 
congener, bearing a proximal amide donor, by 70-fold. The proximally-functionalized iron 
porphyrin complex in turn outperforms the turnover frequency of unfunctionalized 
Fe(TPP) by nearly a factor of 3. These data establish that proper positioning of hydrogen 
bonding groups in the second coordination sphere is an effective design element for 
promoting electrochemical CO2 reduction. 
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Introduction 
 

Environmental challenges associated with rising atmospheric CO2 concentrations 
and the promise of CO2 as a cheap and abundant C1 feedstock motivate the 
search for technologies to convert CO2 into value-added chemical products.1-3 
Electrochemical reduction of CO2 offers an attractive approach to meet this goal 
using sustainable energy input, but the kinetic and thermodynamic barriers to CO2 
activation provide significant chemical challenges, necessitating the development 
of catalysts that can promote CO2 reduction selectively over the competing 
background reduction of protons to hydrogen that can occur at comparable 
potentials. Indeed, despite broad interest in electrochemical CO2 reduction, 
molecular catalysis efforts have focused largely on a limited number of primary 
coordination sphere motifs, including metalloporphyrins4-8 and metal complexes 
with aza-macrocycle,9-15 bipyridine,16-23 phosphine,24-26 and carbene27-29 ligands. In 
contrast, biological systems for CO2 redox catalysis, such as the carbon monoxide 
dehydrogenase (CODH) enzymes that catalyze the reversible interconversion of 
CO2 and CO, utilize precisely positioned hydrogen-bond and proton-relay groups 
in the second coordination sphere.30 For example, second-sphere histidine and 
lysine residues in Ni-Fe CODH are positioned to stabilize a η1-CO2-metal adduct 
and assist in C-O bond cleavage (Scheme 4.1).31-33  
 
Drawing inspiration from these natural bioinorganic catalysts, as well as synthetic 
systems that incorporate second-sphere elements for small-molecule redox 
catalysis,34-54 including elegant work by Savéant, Costentin, and Robert on phenol 
hydrogen-bond relays for electrochemical CO2 reduction,55, 56 we targeted the 
study of molecular platforms that could yield insight into questions of optimal 
placement of second-sphere donors. Specifically, we turned our attention to 
amides as hydrogen-bond donors or proton relays, owing to their relative ease of 
synthesis and application in second-sphere mediated oxygen reduction in picket 
fence- and picnic basket porphyrins by Reed and coworkers.57  

 
In this report, we describe the synthesis and electrochemical study of positional isomers 
of iron porphyrin CO2 reduction catalysts bearing pendant amides in the second 
coordination sphere. Intermolecular treatment of a parent iron tetraphenylporphyrin 
Fe(TPP) catalyst with an aryl amide additive results in a dose-dependent increase in CO2 
reduction activity. Inspired by this result, we investigate a pair of positional isomers 
bearing intramolecular amide pendants in the ortho position of the meso aryl rings, either 
proximal or distal to the porphyrin plane. Comparison of the catalytic activities of these 
isomers establishes that proper orientation of the second-sphere groups is critical for 
catalysis, with the distal amide isomer exhibiting a 70-fold increase in CO2 reduction 
activity over the proximal amide, and a nearly 200-fold increase over the unfunctionalized 

Fe(TPP) platform. Correlation between log(kobs) and 𝐸𝑐𝑎𝑡
0 , the standard potential of the 

formal FeI/0 couple, indicates that through-space interactions play a role in enhancing the 
observed rate constant for CO2 reduction for both amide-functionalized catalysts, but 
more so for the distal isomer. The data provide a starting point for more sophisticated 



81 

design of second-sphere functionalities as biosinspired design elements for redox 
catalysis of CO2 and other small-molecule substrates. 
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Results and discussion 

As a starting point to explore the use of amides as proton relays or hydrogen-bond donors 
in the second-coordination sphere, we examined the effects of an electron-deficient aryl 
amide additive on CO2 reduction catalyzed by Fe tetraphenylporphyrin. Titration of 3,5-
bis(trifluoromethyl)phenyl]amide reveals a dose-dependent increase in catalytic activity 
(Fig. 4.1). Foot-of-the-wave analysis, as described by Savéant, Costentin, Robert and co-
workers, can be used to extract kinetic information from cyclic voltammetric data, 
especially in cases where a plateau current is not observed due to substrate consumption 
or catalyst inhibition.58 Using this approach, the rate of CO2 reduction was examined as 
a function of amide concentration under pseudo-first order conditions of excess CO2, and 
the rate was found to exhibit first order dependence (Fig. 4.2). Cyclic voltammograms 
under a nitrogen atmosphere show a negligible change between 50 equivalents of amide 
additive and Fe-TPP alone, indicating that background processes such as proton 
reduction are likely to be minimal with this additive (Fig 4.3). With this pilot result in hand, 
we sought to explore the effects of introducing intramolecular urea and amide substituents 
onto the porphyrin scaffold in a spatially well-defined fashion. 
 
We next sought to explore the positional effects of introducing intramolecular amide 
groups into the secondary coordination sphere of iron porphyrin catalysts. Only amide 
groups located at the ortho position of the porphyrin meso aryl rings are expected to 
participate in potential hydrogen bonding interactions with iron-bound species. Two 
positional isomers are possible: ortho-1-amide, bearing the amide NH proximal to the 
porphyrin ring, and ortho-2-amide, bearing the amide NH distal to the porphyrin ring. The 
synthesis of both porphyrin ligands is shown in Scheme 2. Condensation of 2-
nitrobenzaldehyde and benzaldehyde with pyrrole results in the mono-(2-
nitrophenyl)porphyrin starting material 1, which can be subsequently reduced to the 
mono-(2-aminophenyl)porphyrin synthon 2. Reaction with 3,5-
bis(trifluoromethyl)phenylacyl chloride affords the proximal target ortho-1-amide. The 
distal congener was prepared by condensation of 2-formylphenylacetic acid ethyl ester 
(obtained in two steps from 2-indanone) and benzaldehyde with 5-phenyldipyrromethane 
to afford porphyrin 5. Subsequent hydrolysis, followed by in situ generation of the acyl 
chloride and reaction with 3,5-bis(trifluoromethyl)aniline afforded ortho-2-amide. The 
iron complexes of the aforementioned porphyrin ligands were obtained by metalation with 
FeBr2 in anhydrous tetrahydrofuran or dimethylformamide in the presence of 2,6-lutidine 
as a base. All porphyrin ligands were characterized by 1H-, 13C-, and 19F-NMR 
spectroscopy, and freebase and metalloporphyrins were additionally characterized by 
UV-visible spectroscopy and ESI mass spectrometry (see materials and methods section 
for details). 
 
With these positional isomers in hand, we next evaluated their electrochemical 
characteristics under inert atmosphere and under CO2. Cyclic voltammograms 
(CVs) of the functionalized iron porphyrins and parent Fe-TPP measured in DMF 
under argon atmosphere (0.1 M TBAPF6, 1 mM catalyst) show three distinct redox 
events corresponding to formal FeIII/II, FeII/I, and FeI/0 couples (Fig. 4.3). Reversible 
FeI/0 couples are observed at a scan rate of 100 mV/sec under these conditions. 
Scan rate-dependence studies show a linear correlation between peak current and 
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(scan rate)1/2, indicating that all the complexes are freely diffusing under non-
catalytic conditions (Fig. 4.4). The FeI/0 standard potentials, 𝐸𝑐𝑎𝑡

0 , are given in Table 
1 for each catalyst. The 𝐸𝑐𝑎𝑡

0  potentials trend with the electron-withdrawing nature of 
the substituent: the proximal amide is inductively electron-withdrawing, followed by 
unsubstituted TPP and finally by the distal amide, which is rendered electron-
donating by the methylene substituent.   
 
Under 1 atm of CO2 and in the presence of 10 mM phenol, catalytic responses 
indicative of CO2 reduction are observed (Fig. 4.5). Notably, Fe-ortho-2-amide 
exhibits the largest catalytic wave of all three porphyrins examined, with a catalytic 
onset at more anodic potentials compared to unfunctionalized Fe-TPP. Foot-of-
the-wave analysis was used to determine maximum turnover frequencies (TOFmax, 
s-1), which are given in Table 4.1. The TOFmax for Fe-ortho-2-amide is the largest 
in the series, roughly 70-fold greater than that for Fe-ortho-1-amide and 200-fold 
greater than Fe-TPP. For catalyst benchmarking purposes, it is illustrative to 
examine the log(TOF) vs overpotential relationships as indicated by catalytic Tafel 
plots (Fig. 4.6). More effective catalysts operate with higher TOFs at lower 
overpotentials and are displayed in the upper left portion of such plots. As shown 
in Fig. 4.6, Fe-ortho-2-amide exhibits higher TOFs than the other catalysts 
investigated, as well as a larger maximum TOF (asymptotic flat line) under these 
conditions.  
 
To examine each amide-functionalized porphyrin catalyst in more detail, the rate 
dependencies for CO2 and phenol substrates were determined under pseudo-first 
conditions. In the presence of excess CO2 (0.23 M), catalyst Fe-ortho-1-amide was found 
to exhibit a second-order dependence on phenol concentration (Fig. 4.7A). The 
concentration of dissolved CO2 could be altered using a flow meter and nitrogen balance, 
assuming that solution CO2 concentration is linearly proportional to the percentage of CO2 
in the sparging gas (this assumption has been applied in previous literature reports). 
Thus, in the presence of 50 mM phenol, catalyst Fe-ortho-1-amide exhibits a first-order 
dependence on CO2 concentration (Fig. 4.7B). In contrast, Fe-ortho-2-amide shows 
second-order dependence on both phenol and CO2 (Figs. 4.8A and 4.8B). Both of these 
results are distinct from the case for Fe-TPP, which is first-order in phenol and CO2.  
These findings illustrate how small changes to the periphery of a catalytic site may alter 
the mechanism of catalysis, and furthermore highlight the importance of verifying such 
details for members of a homologous series. 
 
While it may be tempting to conclude from the cyclic voltammetric data that the 
distal amide catalyst is superior due to optimal donor placement, the ordering of 
𝐸𝑐𝑎𝑡

0  potentials allows for the possibility that Fe-ortho-2-amide is a more active 
catalyst due to the scaling relationship that exists between 𝐸𝑐𝑎𝑡

0  and catalytic rate. 
As described previously,59, 60 substituents on the porphyrin aryl rings exert 
inductive electronic effects that modulate 𝐸𝑐𝑎𝑡

0  and consequently alter the driving 
force for electrochemical CO2 reduction. In such cases, a linear relationship 
between log(TOFmax) and 𝐸𝑐𝑎𝑡

0  is observed, where catalysts having a more negative 
𝐸𝑐𝑎𝑡

0  exhibit a larger TOFmax. Deviation from this relationship occurs when factors 
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other than electronic effects either promote or inhibit catalysis, for example 
through-space hydrogen-bonding or electrostatic stabilization of a metal-bound 
intermediate.61 Each of the three porphyrins examined here exhibit different 
dependencies on substrate concentrations, so it is more accurate to compare their 
observed rate constants, kobs, rather than overall rates. The observed rate 
constant, kobs, is defined by 

𝑘𝑜𝑏𝑠 =  
𝑇𝑂𝐹𝑚𝑎𝑥

[𝑃ℎ𝑂𝐻]𝑎 [𝐶𝑂2]𝑏
 

 
where a and b designate the reaction order on each substrate as determined above. Thus, 
to address the question of whether the amide-functionalized porphyrins break the 

electronic scaling relationship, we examined the correlation between log(kobs) and 𝐸𝑐𝑎𝑡
0  for 

the amide-functionalized porphyrins versus a series of three inductive-only porphyrins 
(Fe-TPP(CO2Me)4, Fe-TPP, and Fe-TPP(OMe)4). Fig. 4.9 shows that the log(kobs) for the 

inductive-only porphyrins is linearly related to their 𝐸𝑐𝑎𝑡
0  values, while Fe-ortho-1-amide 

and Fe-ortho-2-amide exhibit much larger kobs values than predicted based on inductive 
effects alone. We therefore conclude that both pendant amide complexes display 
through-space interactions to stabilize an iron-bound intermediate, with the distal amide 
donor exhibiting a more significant effect than the proximal amide donor. This finding is 
significant in the context of CO2 reduction, where the majority of elaborated porphyrin 
catalysts bear pendant groups in the proximal NH position rather than further above the 
porphyrin plane. These data support the idea that tuning the position of hydrogen-bond 
donors in the secondary coordination sphere provide another way to improve catalytic 
activity beyond changing the electronics at the metal center. 

 

 

 

 

 

 

 

 

 

 

 



85 

Conclusions 

In summary, we have shown that a hydrogen-bond donor amide group introduced into 
the second-coordination sphere can enhance electrochemical CO2 reduction catalysis. 
Using a conserved iron porphyrin scaffold, we established a positional dependence of 
second-sphere functionalities that differ in their placement with respect to the porphyrin 
ring. In particular, the Fe-ortho-2-amide complex bearing a distal amide group exhibits a 
200-fold enhancement in turnover frequency over unfunctionalized Fe-TPP, while the 
positional isomer Fe-ortho-1-amide bearing a proximal amide group exhibits a roughly 
3-fold enhancement over Fe-TPP. Both positional isomers were found to exhibit different 
kinetics from Fe-TPP: Fe-ortho-1-amide shows second-order dependence on phenol 
concentration and first-order dependence on CO2, while Fe-ortho-2-amide shows 
second-order dependencies on both substrates. Taking these variations into account, the 
correlation between observed rate constants and standard potentials indicates that both 
amide-functionalized catalysts display through-space hydrogen-bonding effects that 
promote CO2 reduction, with a more pronounced effect in the case of the distal amide 
isomer. This work provides a starting point for using second-sphere interactions observed 
in natural bioinorganic systems to tune and improve synthetic redox catalysis of CO2 and 
other molecules of consequence to sustainable energy. 
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Materials and Methods 

General Synthetic and Physical Methods. Unless noted otherwise, all manipulations 
were carried out at room temperature under a dinitrogen atmosphere in a VAC glovebox 
or using high-vacuum Schlenk techniques. THF, DCM, toluene and DMF were dried using 
a JC Meyer solvent purification system; in addition to desiccant columns, DMF was 
passed through an isocyanate column to remove dimethylamine impurities. [3,5-
bis(trifluoromethyl)phenyl]amide was prepared as detailed in Chapter 3. Thionyl chloride 
was purified by distillation. 2,6-lutidine was dried over KOH then purified by distillation. 
Literature methods were used to synthesize meso-tetra(4-carboxyphenyl)porphyrin 
tetramethyl ester.62 All other reagents and solvents were purchased from commercial 
sources and used without further purification. Meso-tetra(4-methoxyphenyl)porphyrin was 
purchased from Frontier Scientific (Logan, UT). NMR spectra were recorded on Bruker 
spectrometers operating at 300, 400, or 500 MHz as noted. Chemical shifts for 1H and 
13C{1H} spectra are reported in ppm relative to residual protiated solvent; those for 19F 
spectra are reported in ppm relative to an external CFCl3 standard. Coupling constants 
are reported in Hz.  
 
General Methods for Electrochemistry. Non-aqueous electrochemical experiments 
were conducted under Ar or CO2 atmosphere in 0.1 M NBu4PF6 electrolyte in anhydrous 
DMF that had been purified of dimethylamine by passing through an isocyanate column. 
Cyclic voltammetry experiments were performed using an Epsilon potentiostat from 
Bioanalytical Systems, Inc. The working electrode for cyclic voltammetry was a 3.0 mm 
diameter glassy carbon disk (from Bioanalytical Systems, Inc.) and was polished between 
every scan with 0.05-micron alumina powder on a felt pad. The counter electrode was a 
platinum wire. A silver wire in porous Vycor tip glass tube filled with 0.1 M NBu4PF6 in 
DMF was used as a pseudo-reference electrode. All potentials were referenced against 
ferrocene/ferrocenium as an external standard. The scan rate for all cyclic 
voltammograms was 100 mV/sec unless otherwise noted. All scans were compensated 
for internal resistance. 
 
5-[2-Nitrophenyl]-10,15,20-triphenyl porphyrin (1). Porphyrin 1 was synthesized 

according to a modified literature procedure.63, 64 2-nitrobenzaldehyde (7.2 g, 47.6 mmol) 

and benzaldehyde (10.11 g, 95.3 mmol) were added to refluxing propionic acid (400 mL) 

in a 1 L round bottom flask. Pyrrole (9.9 g, 142.9 mmol) was added dropwise and the 

solution was heated at reflux for 30 min in the absence of light. Upon cooling to room 

temperature, methanol (200 mL) was added and the precipitated porphyrins were 

collected via filtration, then washed with water and methanol several times. A solution of 

the porphyrin mixture in DCM was run through a basic alumina plug to remove oligomers. 

Porphyrin 1 (Rf = 0.6) was separated from tetraphenylporphyrin (Rf = 0.75) and other 

nitroporphyrins by column chromatography (2:1 hexane:DCM) on basic alumina, and 

finally recrystallized from DCM/MeOH (1.7 g, 7% yield). The 1H NMR spectrum agrees 

well with the literature reports of this compound. 1H NMR (300 MHz, CD2Cl2) δ 8.82 – 

8.92 (m, 6H), 8.66 – 8.72 (m, 2H), 8.45 (m, 1H), 8.15 – 8.33 (m, 7H), 7.96 – 8.05 (m, 2H), 

7.70 – 7.85 (m, 9H), -2.78 (s, 2H). 
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5-[2-Aminophenyl]-10,15,20-triphenyl porphyrin (2). Porphyrin 2 was synthesized by 
reduction of 1 according to a modified literature procedure.63, 64 A solution of 1 (1.39 g, 
2.10 mmol) in p-dioxane (300 mL) was sparged with N2 and SnCl2·2H2O (5.68 g, 25.20 
mmol) was added as a solid. After 10 min, concentrated HCl (480 mL) was added and 
the solution was heated to reflux for 1 h under N2 atmosphere in the absence of light. 
Upon cooling to room temperature, the solution was neutralized to pH 7 with 6 M NaOH 
and saturated NaHCO3. The biphasic mixture was extracted three times with EtOAc, then 
the combined organic phase was rinsed with water and brine and dried over MgSO4. 
Solvent was removed under reduced pressure to afford crude 2. The product was purified 
by column chromatography (starting at 1:1 EtOAc:hexane and progressing to 3:1 
EtOAc:hexane) on silica, and finally recrystallized from DCM/MeOH (750 mg, 57% yield). 
The 1H NMR spectrum agrees well with the literature reports of this compound. 1H NMR 
(300 MHz, CD2Cl2) δ 8.81 – 8.96 (m, 8H), 8.16 – 8.30 (m, 6H), 7.86 (d, J = 7.5 Hz, 1H), 
7.71 – 7.83 (m, 9H), 7.61 (t, J = 7.8 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 8.0 Hz, 
1H), 3.61 (s, 2H), -2.81 (s, 2H). ESI-MS calculated for C44H33N5 (M+H)+ 630.3, found 
630.8. 

 

ortho-1-amide porphyrin. A 100 mL Schlenk flask was charged with 40 mL anhydrous 
DCM, 3,5-bis(trifluoromethyl)phenylacetic acid (525 mg, 1.89 mmol), and a catalytic 
amount of anhydrous DMF (15 μL). Freshly distilled SOCl2 (167 μL, 2.30 mmol) was 
added under a N2 atmosphere and the solution was stirred at RT for 2 h. Solvent was 
removed under reduced pressure to afford a yellow oil. Anhydrous toluene (5 mL) was 
added, then removed under reduced pressure to assist in removal of excess SOCl2. The 
resulting acid chloride was dissolved in anhydrous DCM (20 mL) and added dropwise to 
a solution of porphyrin 2 (115 mg, 0.183 mmol) dissolved in anhydrous DCM (25 mL). 
After reacting overnight at RT in the absence of light, the reaction was neutralized by 
pouring into 100 mL of saturated NaHCO3 solution. Extraction with water, then drying the 
organic phase over MgSO4 and removing solvent under reduced pressure afforded crude 
ortho-1-amide. The product was purified by column chromatography (starting at 2:1 
hexane:DCM and progressing slowly to 1:3 hexane:DCM) on silica (132 mg, 82% yield). 
1H NMR (400 MHz, CD2Cl2) δ 8.82 – 8.97 (m, 6H), 8.77 (d, J = 4.7 Hz, 2H), 8.68 (d, J = 
8.3 Hz, 1H), 8.14 – 8.28 (m, 6H), 8.01 (d, J = 7.0 Hz, 1H), 7.72 – 7.88 (m, 10H), 7.54 (t, 
J = 7.7 Hz, 1H), 7.32 (s, 1H), 7.12 (s, 2H), 7.06 (s, 1H), 2.81 (s, 2H), -2.77 (br s, 2H). 
13C{1H}  NMR (126 MHz, CD2Cl2) δ 167.35, 142.24, 142.04, 138.64, 136.95, 135.41, 
135.01, 134.93, 134.89, 134.85, 132.04, 131.21 (q, J = 33.1 Hz), 129.80, 129.61, 128.26, 
127.20, 127.14, 123.60, 123.24 (q, J = 272.3 Hz), 121.62, 121.17, 121.02, 120.84 – 
120.94 (m), 112.91, 43.08. 19F NMR (376 MHz, CD2Cl2) δ  -62.73. Λmax (CH2Cl2) 418, 443, 
516, 550, 594, 648 nm. ESI-MS calculated for C54H36F6N5O (M+H)+ 884.3, found 884.5. 

2-ethoxyindene. 2-ethyoxyindene was synthesized according to modified literature 
procedure.65 2-Indanone (30 g, 227 mmol) was dissolved in absolute ethanol (175 mL) 
and degassed with N2. Triethylorthoformate (53 mL, 318 mmol) was added under inert 
gas, followed by a 4 M solution of HCl in dioxane (1.7 mL, 6.8 mmol). The yellow solution 
was stirred at room temperature overnight, during which time it turned dark brown. 
Sodium methoxide (1.44 g, 27 mmol) was added to basify. Solvent was removed by 
distillation and the residue was distilled at 100˚C (1.4 mmHg) to afford a mixture of of 2,2-
diethoxyindane (pale yellow liquid) and 2-ethoxyindene (white crystalline solid at room 
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temperature). To this distillate was added catalytic p-toluenesulfonic acid (10 mg). The 
mixture was heated to 60˚C for 1 hr while distilling away ethanol at 1 atm. The resulting 
orange oil was purified by Kugelrohr distillation at 135˚C (1.4 mmHg) to afford a white 
crystalline solid (7.60 g, 21% yield over two steps). The purified product was stored cold 
under Ar to prevent decomposition. 1H NMR (500 MHz, CDCl3) δ 7.28 (dd, J = 7.3, 1.3 
Hz, 1H), 7.21 (td, J = 7.3, 1.3 Hz, 1H), 7.16 (dd, J = 7.3, 1.3 Hz, 1H), 7.04 (td, J = 7.3, 1.3 
Hz, 1H), 5.68 (s, 1H), 4.02 (q, J = 7.1 Hz, 3H), 3.42 (s, 2H), 1.44 (t, J = 7.1 Hz, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 166.77, 145.36, 136.07, 126.69, 123.30, 122.34, 
118.88, 99.39, 65.75, 37.94, 14.65. IR (ATR, solid, ν (cm– 1)): 3070 (w), 3043 (w), 3022 
(w), 2977 (m), 2935 (w), 2888 (w), 1735 (m), 1698 (m), 1595 (s), 1578 (s), 1456 (s), 1319 
(s), 1150 (s), 1036 (s). EI-GCMS calculated for C11H12O (M)+ 160.09, found 160.10. 
 
2-formylphenylacetic acid ethyl ester. This product was synthesized according to 
modified literature procedure.66 A solution of 2-ethoxyindene (1.57 g, 9.81 mmol) in 
dichloromethane (12 mL) and methanol (50 mL) was cooled to -30˚C. Ozone was bubbled 
through the cooled solution for 30 min until a faint blue color was apparent. The solution 
was subsequently sparged with nitrogen for 15 min to remove excess ozone. 
Triphenylphosphine (10.29 g, 39.23 mmol) was added as a solid. The solution 
temperature was maintained at -30˚C for 1 hr, then allowed to warm to room temperature 
slowly and stirred at room temperature overnight. Excess triphenylphosphine was 
removed by concentrating the solution to approximately 20 mL, then filtering away the 
white precipitate. This process was repeated several times until a pale yellow oil was 
obtained. The crude compound was purified by column chromatography (hexane then 
eventually 3:1 hexane:EtOAc) on silica, with the product eluting as the second spot. 
Solvent was removed under reduced pressure to afford the product as a white waxy solid 
(1.73 g, 92% yield). The purified product was stored cold under Ar to prevent 
decomposition. 1H NMR (300 MHz, CDCl3) δ 10.13 (s, 1H), 7.85 (d, J = 7.4 Hz, 1H), 7.67 
– 7.40 (m, 2H), 7.30 (d, J = 7.3 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 4.04 (s, 2H), 1.26 (t, J 
= 7.1 Hz, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 193.10, 171.13, 135.76, 134.49, 134.36, 
133.86, 132.41, 128.01, 61.09, 39.24, 14.30. IR (ATR, solid, ν (cm– 1)): 2982 (m), 2935 
(w), 2906 (w), 2837 (w), 2748 (m), 1724 (vs), 1692 (vs), 1580 (m), 1412 (m), 1367 (m), 
1340 (s), 1214 (s), 1201 (s), 1171 (s), 1028 (s). 
 
5-[phenylacetic acid methyl ester]-10,15,20-triphenyl porphyrin (5). 5-
phenyldipyrromethane (0.97 g, 4.38 mmol), benzaldehyde (0.20 mL, 1.96 mmol), and 2-
formylphenylacetic acid methyl ester (0.53 g, 2.74 mmol) were dissolved in chloroform 
(250 mL) and sparged with Ar for 15 min. Boron trifluoride etherate (0.16 mL, 1.33 mmol) 
was added dropwise while stirring, and the reaction proceeded at room temperature in 
darkness. After 1 hr, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.65 g, 2.85 
mmol) was added, and the dark solution was stirred at room temperature for another 1 
hr. This solution was rinsed with 1 M NaOH solution (500 mL) in an extraction funnel three 
times to remove DDQ and byproducts, followed by extraction with brine. The combined 
organic fractions were dried over MgSO4 and the solvent removed under reduced 
pressure. The crude material was initially purified on a silica plug, eluting with pure DCM 
to recover a mixture of TPP and the desired porphyrin. Further purification by column 
chromatography (starting at 3:1 hexane:DCM and slowly progressing to 1:3 hexane:DCM) 
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afforded the product as the second spot. A second column using the above conditions 
was run to remove remaining traces of tetraphenylporphyrin. The product was obtained 
as a purple solid (102.9 mg, 8 % yield). 1H NMR (500 MHz, CDCl3) δ 8.96 – 8.88 (m, 6H), 
8.77 (d, J = 4.6 Hz, 2H), 8.33 – 8.23 (m, 6H), 8.16 (d, J = 7.5 Hz, 1H), 7.92 – 7.75 (m, 
11H), 7.68 (t, J = 7.3 1H), 3.62 (q, J = 7.2 Hz, 2H), 3.45 (s, 2H), 0.56 (t, J = 7.2 Hz, 3H), 
-2.66 (br s, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 171.46, 142.29, 142.14, 141.86, 
136.34, 134.70, 134.60, 134.44, 129.73, 128.90, 127.88, 126.84, 126.82, 125.54, 120.58, 
120.32, 117.63, 60.36, 39.85, 13.64. Λmax (CH2Cl2) 417, 445, 514, 549, 590, 646 nm. ESI-
MS calculated for C48H37N4O (M+H)+ 701.3, found 701.9. 
 
5-[phenylacetic acid]-10,15,20-triphenyl porphyrin (6). Porphyrin 5 (82.5 mg, 0.12 
mmol) was dissolved in THF (20 mL). A solution of KOH (0.33 g, 5.88 mmol) in 10 mL 
water was added, then the reaction was heated to reflux overnight under N2 in the 
absence of light. Longer reaction times were shown to generate decarboxylated product, 
and were therefore avoided, even though complete hydrolysis was not achieved. The 
reaction was cooled to room temperature and neutralized by washing with saturated 
NH4Cl solution. The product was extracted into DCM and washed with water, then dried 
over Na2SO4 and solvent was removed under reduced pressure. The crude porphyrin 
was purified by column chromatography (starting at 1:1 hexane:DCM, then 1:3 
hexane:DCM and finally pure DCM) on silica. The product was obtained as the second 
band as a purple solid (28 mg, 35% yield). 1H NMR (500 MHz, CDCl3) δ 8.87 – 8.77 (m, 
4H), 8.75 (d, J = 4.8 Hz, 2H), 8.63 (d, J = 4.7 Hz, 2H), 8.23 (d, J = 7.2 Hz, 1H), 8.19 (d, J 
= 7.5 Hz, 1H), 8.15 – 8.10 (m, 4H), 8.05 (d, J = 7.5 Hz, 1H), 7.84 – 7.68 (m, 4H), 7.66 – 
7.50 (m, 8H), 3.37 (s, 2H), -2.79 (br s, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 175.36, 
142.27, 142.02, 141.93, 135.48, 134.70, 134.61, 134.53, 129.51, 128.86, 127.88, 127.75, 
126.81, 126.73, 125.71, 120.60, 120.33, 117.17, 39.06. Λmax (CH2Cl2) 418, 444, 514, 549, 
590, 647 nm. ESI-MS calculated for C46H33N4O2 (M+H)+ 673.3, found 673.7. 

ortho-2-amide porphyrin. Porphyrin 6 (28 mg, 0.042 mmol) was dissolved in anhydrous 
DCM (20 mL), and freshly distilled thionyl chloride (0.01 mL, 0.14 mmol) was added under 
N2, followed by one drop of anhydrous DMF. The dark green solution was stirred for 2 hr 
at room temperature in the absence of light. The solvent was removed under reduced 
pressure. Anhydrous toluene (5 mL) was added, then removed under reduced pressure 
to assist in removal of excess SOCl2. The resulting acid chloride porphyrin was dissolved 
in anhydrous DCM (20 mL) and 3,5-bis(trifluoromethyl)aniline (0.032 mL, 0.21 mmol) was 
added. The solution was stirred for 8 hr at room temperature in the absence of light. Next, 
the reaction solution was poured into saturated NaHCO3 solution (20 mL) to neutralize 
the protonated porphyrin and extracted with DCM (3x25 mL). The combined organic 
fractions were washed with water and dried over Na2SO4, and solvent was removed under 
reduced pressure. The product was purified by column chromatography (starting at 1:1 
DCM:hexane and progressing to 5:1 DCM:hexane) on silica. The product was obtained 
as a purple solid (10 mg, 27% yield). 1H NMR (500 MHz, CDCl3) δ 8.89 (d, J = 4.3 Hz, 
4H), 8.82 (d, J = 4.8 Hz, 2H), 8.71 (d, J = 4.7 Hz, 2H), 8.28 (d, J = 7.0 Hz, 2H), 8.22 – 
8.17 (m, 2H), 8.13 (d, J = 6.8 Hz, 2H), 8.01 (d, J = 7.4 Hz, 2H), 7.86 – 7.64 (m, 12H), 7.34 
(s, 1H), 6.93 (s, 2H), 5.88 (s, 1H), 3.26 (s, 2H), -2.76 (br s, 2H). 19F NMR (376 MHz, 
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CDCl3) δ -62.42. Λmax (CH2Cl2) 418, 442, 515, 550, 591, 647 nm. ESI-MS calculated for 
C54H36F6N5O (M+H)+ 884.3, found 884.7. 

 

General procedure for synthesis of Fe porphyrins. Metallation of porphyrins was 

performed in a N2-filled glovebox or using standard Schlenk techniques and dry solvents 

to avoid the formation of μ-oxo dimers. To a solution of the free-base porphyrin (1 eq) in 

dry THF was added anhydrous FeBr2 (15 eq) as a suspension in dry THF. Distilled lutidine 

(3 eq) was added and the solution was heated to 65˚C overnight in the absence of light. 

The resulting solution was neutralized by pouring into 1 M HBr. After extraction into EtOAc 

and rinsing with copious water, the organic phase was dried over MgSO4 and the solvent 

was removed under reduced pressure. The crude complex was purified according to the 

conditions specified below.  

Fe-ortho-1-amide. Metallation was performed as described above using 100 mg of 

ortho-1-amide. Purification was achieved by column chromatography (5:1 DCM:hexane 

then progressing to pure DCM and slowly to 2% MeOH in DCM) on silica (94 mg, 82% 

yield). Λmax (CH2Cl2) 380, 417, 514 nm. ESI-MS calculated for C54H33F6FeN5O (M)+ 937.2, 

found 937.3; C55H37F6FeN6O2 (M+MeOH)+ 969.2, found 969.4. 

Fe-ortho-2-amide. Metallation was performed as described above using 10 mg of ortho-

2-amide. Purification was achieved by column chromatography (1:1 THF:hexane) on 

silica (10 mg, 87% yield). Λmax (CH2Cl2) 383, 414, 510 nm. ESI-MS calculated for 

C54H33F6FeN5O (M)+ 937.2, found 937.7; C55H37F6FeN5O2 (M+MeOH)+ 969.2, found 

969.7. 
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Figures and Schemes 

 

 

 

 

 

 

Scheme 4.1. Active site of Ni-Fe CODH showing metal-bound activated CO2 in red and the second-sphere 
network of hydrogen-bond donors derived from nearby His and Lys amino acid residues in blue. 
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Figure 4.1. Titration of the bis(aryl)amide additive to a solution of Fe-TPP in 0.1 M TBAPF6 in DMF under 
CO2 atmosphere.  
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Figure 4.2. Variation of the rate of CO2 reduction (k, s-1) as a function of amide concentration, showing that 
the reaction order in amide additive is 1. Measurements were performed in 0.1 M TBAPF6 in DMF in the 
presence of excess CO2 (1 atm, 0.23 M), and rates were obtained using Foot-of-the-Wave analysis. 
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Figure 4.3. Cyclic voltammograms of Fe-TPP alone (black) and in the presence of 50 eq bis(aryl)amide 
additive (pink) under N2 atmosphere. Conditions: 0.1 M TBAPF6 in DMF, 1 mM Fe-TPP catalyst. 
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Scheme 4.2. Synthesis of freebase porphyrins ortho-1-amide and ortho-2-amide. 
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Figure 4.4. Cyclic voltammetry of Fe-ortho-1-amide (blue) Fe-ortho-2-amide (yellow) and Fe-TPP (black) 
in 0.1 M TBAPF6 in DMF under an Ar atmosphere. Scan rate: 100 mV/sec. 
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Figure 4.5. Linear correlation between (scan rate)1/2 and peak current, ip, of the formal FeI/0 couple in 0.1 
M TBAPF6/DMF for A) Fe-ortho-1-amide, B) Fe-ortho-2-amide. 
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Figure 4.6. Cyclic voltammograms of the three iron porphyrins examined in this study: Fe-ortho-1-amide 
(blue), Fe-ortho-2-amide (yellow), and Fe-TPP (black) in 0.1 M TBAPF6 in DMF with 10 mM phenol and 

under CO2 atmosphere. Scan rate: 100 mV/sec. 𝒊/𝒊𝒑
𝟎 represents the ratio of current to peak current in the 

absence of CO2.  
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Table 4.1. Summary of standard reduction potentials (𝑬𝒄𝒂𝒕
𝟎 ) and maximum turnover frequencies (TOFmax) 

for the two amide-functionalized catalysts, unfunctionalized Fe-TPP, and two tetra-para-functionalized 
porphyrins exhibiting inductive-only effects. aRate determined by Foot-of-the-Wave analysis, taking an 
average of three independent measurements. bRate determined by Foot-of-the-Wave analysis and plateau 
current method, taking an average of three independent measurements for each technique.  

 

 

 

 

 

 

Catalyst 
𝑬𝒄𝒂𝒕

𝟎   
(V vs Fc+/0) 

TOFmax  
(s-1) 

Fe-ortho-1-amide -2.12 2.32x102 a 

Fe-ortho-2-amide -2.18 1.61x104 a 

Fe-TPP -2.14 8.66x101 b 

Fe-TPP(OMe)4
 -2.16 8.90x101 b 

Fe-TPP(CO2Me)4 -2.00 1.04x101 b 
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Figure 4.7. Catalytic Tafel plots for the series of Fe porphyrins with [PhOH] = 10 mM. Overpotential is 

defined as 𝜼 =  𝑬𝑪𝑶𝟐/𝑪𝑶
𝟎 − 𝑬. 
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Figure 4.8. Rate dependencies on phenol (A) and CO2 (B) substrates under pseudo first-order conditions 
with catalyst Fe-ortho-1-amide. Conditions: 0.1 M TBAPF6 in DMF in the presence of A) 0.23 M CO2 or 
B) 50 mM phenol.  
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Figure 4.9. Rate dependencies on phenol (A) and CO2 (B) substrates under pseudo first-order conditions 
with catalyst Fe-ortho-2-amide. Conditions: 0.1 M TBAPF6 in DMF in the presence of A) 0.23 M CO2 or 
B) 50 mM phenol. 
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Figure 4.10. Correlation between log(kobs) and Ecat
0, the standard potential of the formal FeI/0 couple. The 

three black points, from left to right, correspond to Fe-(COOMe)4, Fe-TPP, and Fe-(OMe)4, and illustrate 
the role of porphyrin inductive effects on kobs. The extent to which the amide-functionalized catalysts deviate 
from this line represents the magnitude of the through-space effect that promotes CO2 reduction catalysis. 
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Electrochemical Reduction of Carbon Dioxide Catalyzed by Second-Sphere Urea-
Functionalized Iron Porphyrins 
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Abstract 
 
Building on the work described in Chapters 3 and 4, we sought to explore the effect of 
appending a two-point hydrogen bond donor urea group in the second sphere of an iron 
tetraphenylporphyrin catalyst. Variation of the position and number of such donor groups 
shows that this is indeed a strategy for altering the catalytic activity at the iron center. In 
particular, the Fe-ortho-urea complex bearing a urea in close proximity to the catalytic 
center exhibits a 30-fold enhancement in turnover frequency over the parent Fe-TPP 
catalyst. The positional isomer Fe-para-urea, where the pendant group is unable to 
interact productively with the catalytically-active iron center, is not an effective catalyst 
and suffers from dimerization. Tetra-urea-substituted derivatives Fe-ortho-αααα-
tetraurea and Fe-ortho-αβαβ-tetraurea exhibit virtually no CO2 reduction activity, 
though the αβαβ atropisomer forms a highly stabilized Fe-CO2 adduct. The best catalyst 
in the series, Fe-ortho-urea, exhibits an average Faradaic efficiency of 84% for CO 
during controlled potential electrolysis with no hydrogen detected.  
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Results and Discussion 
 
The effect of intermolecular addition of an electron-deficient bis(aryl)urea additive on CO2 
reduction by Fe porphyrin was initially examined as a starting point for the synthesis of 
more elaborate intramolecular urea-appended catalysts. Titration of N,N′-bis[3,5-
bis(trifluoromethyl)phenyl]-urea (Schreiner’s urea catalyst) to a solution of Fe 
tetraphenylporphyrin (Fe-TPP) in DMF electrolyte (0.1 M TBAPF6) under an atmosphere 
of CO2 shows a clear increase in current with increasing amount of additive (Fig. 5.1). 
The corresponding experiment performed under an inert Ar atmosphere shows a modest 
dose-dependent increase at the formal FeI/0 peak, suggesting that the urea additive 
participates in off-target reduction reactions to a small extent (Fig. 5.2). Foot-of-the-wave 
analysis was used to examine the rate dependence on urea in the presence of excess 
CO2 (0.23 M). As shown in Fig. 5.3, the rate of catalysis shows a first-order dependence 
on urea concentration. The variation in catalytic rate with additive concentration shows 
that both the urea and analogous amide described in Chapter 4 display virtually identical 
kinetics (Fig. 5.4). Owing to the fact that the pKa of bis(aryl)ureas and amides differ by 
only one unit in DMF,1 this result suggests that the urea additive’s role in CO2 reduction 
catalysis with Fe porphyrin stems in large part from its acidity. This is an interesting 
departure from the results in Chapter 3 with a Ni(cyclam) catalyst, where activity of the 
urea additive appears to be a function of its ability to form cooperative hydrogen bonding 
interactions.  With these preliminary results in hand, we sought to explore the effects of 
intramolecular urea substituents in the second sphere of the porphyrin catalyst. 
 
Next, we sought to explore the positional effects of urea groups in the secondary 
coordination sphere of the iron porphyrin catalyst. To this end, a series of urea-
functionalized porphyrins were designed and synthesized (Schemes 5.1 and 5.2). 
Condensation of 2-nitrobenzaldehyde and benzaldehyde with pyrrole results in the 
mono-(2-nitrophenyl)porphyrin starting material 1, which can be subsequently 
reduced to the mono-(2-aminophenyl)porphyrin 2. Reaction with 3,5-
bis(trifluoromethyl)phenyl isocyanate affords the target mono-ortho-urea 
functionalized porphyrin ortho-urea. The regioisomer para-urea was targeted as 
a positional control where the urea group points away from the metal center and is 
therefore unable to participate as an intramolecular hydrogen-bond pendant for 
electrochemical CO2 reduction. The synthesis of para-urea was achieved in an 
analogous manner, using the corresponding mono-(4-nitrophenyl)porphyrin 3 that 
was obtained via regioselective nitration of meso-tetraphenylporphyrin. In addition, 
two atropisomers of tetra-ortho-urea-functionalized porphyrin were targeted to 
explore the effects of a hydrogen bonding pocket surrounding the catalytic site. 
Condensation of 2-nitrobenzaldehyde with pyrrole affords the tetra-(2-
nitrophenyl)porphyrin 5 as a statistical mixture of four atropisomers. Reduction to 
the tetra-(2-aminophenyl)porphyrin 6 and enrichment of the αααα-isomer by 
refluxing in benzene with silica affords αααα-6, which was further treated with 3,5-
bis(trifluoromethyl)phenyl isocyanate, yielding the picket-fence porphyrin αααα-7. 
Separately, the αβαβ atropisomer was enriched by refluxing nitroporphyrin 5 in 
naphthalene. Subsequent reduction affords αβαβ-6, and treatment with 3,5-



110 

bis(trifluoromethyl)phenyl isocyanate yields the facially symmetric porphyrin αβαβ-
7. All diamagnetic porphyrins were characterized by 1H-, 13C-, and 19F-NMR 
spectroscopy, and freebase and metalloporphyrins were additionally characterized 
by UV-visible spectroscopy and ESI- or MALDI Mass Spectrometry (see Materials 
and Methods section for details). 
 
The iron complexes of the aforementioned porphyrin ligands were obtained by metalation 
with FeBr2 in anhydrous tetrahydrofuran in the presence of 2,6-lutidine as a base. 
Likewise, the zinc complex of porphyrin ortho-urea was synthesized by metalation with 
Zn(OAc)2. Crystals of Zn-ortho-urea suitable for X-ray diffraction were grown by vapor 
diffusion of water into a concentrated DMF solution. The solid-state structure is shown in 
Fig. 5.5. As is typical for pentacoodinate Zn porphyrins, the Zn atom is displaced from the 
porphyrin plane. The urea functionality is distorted from planarity in the solid state due to 
crystal packing interactions. As desired, the structure of this metalloporphyrin complex 
establishes that the urea NH bonds are positioned such that they can interact with 
potential CO2-bound intermediates during electrochemical reduction catalysis. 

With these homologous urea-functionalized iron porphyrins in hand, we proceeded 
to evaluate their electrochemical characteristics under an inert atmosphere. Cyclic 
voltammograms (CVs) of the four urea-functionalized iron porphyrins and Fe-TPP 
as a non-functionalized control were measured in DMF electrolyte (0.1 M TBAPF6, 
1 mM catalyst). Under an inert argon atmosphere, three distinct redox events are 
observed corresponding to formal FeIII/II, FeII/I, and FeI/0 couples (Fig. 5.6). Under 
these conditions, the unfunctionalized and mono-functionalized porphyrins exhibit 
reversible FeI/0 couples at a scan rate of 100 mV/sec. Scan rate-dependence 
studies show that peak current and (scan rate)1/2 are linearly correlated, indicating 
that these complexes diffuse freely under non-catalytic conditions (Fig. 5.7). The 

FeI/0 standard potentials, 𝐸𝑐𝑎𝑡
0 , were determined under inert atmosphere by taking 

an average of three independent scans and are given in Table 5.2. The 𝐸𝑐𝑎𝑡
0  

potentials are roughly ordered according to the number of electron-withdrawing 
substituents, with Fe-ortho-αααα-tetraurea and Fe-ortho-αβαβ-tetraurea having 

the most positive 𝐸𝑐𝑎𝑡
0 , followed by Fe-ortho-urea and finally by Fe-TPP. 

Interestingly, between the two tetra-substituted porphyrin isomers, the facially 
symmetric Fe-ortho-αβαβ-tetraurea is easier to reduce by 120 mV, perhaps as a 
result of altered solvation. Previous work examining the effects of atropisomerism 
on CO2 reduction has generally concluded that atropisomers do not show variable 

activity,2, 3 so we were interested to examine this result in more detail. The 𝐸𝑐𝑎𝑡
0  for 

Fe-para-urea occurs at a more negative potential than predicted by the inductive 
arguments above.  
 
Catalytic responses indicative of CO2 reduction are observed for the mono- and 
unfunctionalized porphyrins in the presence of 10 mM phenol (Fig. 5.8). Notably, 
Fe-ortho-urea exhibits a substantially larger and more anodic catalytic response 
compared to the other complexes. The CV of Fe-ortho-urea under CO2 is also 
noteworthy in that substantial curve-crossing occurs during the catalytic wave. This 
observation will be discussed in further detail below. The Fe-para-urea isomer with 
the urea in an unproductive position exhibits a smaller catalytic response at a more 
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negative onset potential than unfunctionalized Fe-TPP. This finding is unexpected 

given the scaling relationship that exists between 𝐸𝑐𝑎𝑡
0  and catalytic rate, where 

catalysts with more negative 𝐸𝑐𝑎𝑡
0  values are expected to have a greater driving 

force for CO2 reduction. A more detailed investigation of this catalyst revealed that 
the rate exhibits first-order dependence on catalyst concentration only below 0.4 
mM. At the higher concentrations used in Fig.9 (1 mM), the rate is inversely 
correlated with [Fe-para-urea], presumably due to a dimerization process 
occurring in solution (Fig. 5.9).  
 
By contrast, the tetra-substituted porphyrin derivatives show limited CO2 reduction 
activity. Fe-ortho-αααα-tetraurea shows no change at the formal FeI/0 potential 
between argon and CO2 atmospheres, while Fe-ortho-αβαβ-tetraurea exhibits a 
positive shift in this peak and a loss of reversibility under CO2 but no current 
increase (Fig. 5.10). This behaviour is most likely explained as coordination of CO2 

to a nucleophilic iron center to form a highly-stabilized Fe-CO2 adduct that does not 
undergo further reduction at this potential. As shown in Fig. 5.10, both tetra-
substituted porphyrins exhibit a catalytic event at very negative potentials under 
CO2. Experiments to determine the product of catalysis in this potential region are 
ongoing. The finding that Fe-ortho-αβαβ-tetraurea appears to unproductively 
overstabilize the 1 electron-reduced CO2 adduct is interesting with regard to the 
study of Fe-CO2 adducts of iron porphyrins, which are generally far too reactive to 
be persistent intermediates.4 Work attempting to isolate and spectroscopically or 
structurally characterize such species is ongoing in our lab.  
 
Foot-of-the-wave analysis was used to determine maximum turnover frequencies 
(TOFmax, s-1) for the mono-urea-functionalized porphyrins, which are given in Table 
1. The TOFmax for Fe-ortho-urea with the optimally positioned two-point hydrogen-
bond functionality is thirty times larger than unfunctionalized Fe-TPP under the 
conditions examined. In contrast, the Fe-para-urea isomer exhibits a lower TOFmax 
than unfunctionalized Fe-TPP, likely due to the dimerization effect discussed 
above. Catalytic Tafel plots for these three catalysts are presented in Fig. 5.11, 
showing that Fe-ortho-urea exhibits higher TOFs than the other two catalysts at 
all overpotentials.  
 
The selectivity and stability of the Fe-ortho-urea catalyst was confirmed by 
controlled potential electrolysis. A solution of catalyst in CO2-saturated 
dimethylformamide electrolyte (0.1 M TBAPF6, 0.5 mM catalyst, 10 mM phenol as 
acid source) was electrolyzed at -2.05 V vs Fc/Fc+ (η = 860 mV) in a homemade 
electrolysis cell (see materials and methods for cell details). Gas chromatographic 
measurements of the headspace at multiple time points reveal that this catalyst 
has a high selectivity for CO, with an average Faradaic efficiency of 84% (Fig. 
5.12). No hydrogen was observed at any timepoint measured.   
 
As mentioned above, the CV trace for Fe-ortho-urea exhibit a large degree of curve 
crossing, wherein the return scan generates more current than the forward scan at the 
same potential. This catalyst was the only iron porphyrin of those examined to exhibit 
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such an effect, suggesting that it is related to the presence of a proximal urea group near 
the iron center. Unexpectedly, it was found that the catalytic activity of Fe-ortho-urea 
increases linearly as a function of added tetrabutylammonium hydroxide (Fig. 5.13). This 
titration also leads to a notable reduction in curve crossing. Variation of the 
tetrabutylammonium hydroxide concentration in the presence of excess CO2 (230 mM) 
or CO2 concentration in the presence of excess tetrabutylammonium hydroxide (50 mM) 
revealed that the reaction order is 1 in both cases (Fig. 5.14). Under these optimized 
conditions, the TOFmax as calculated by Foot-of-the-Wave analysis reaches over 7200 s-

1. This result is unexpected given the traditional first- (or occasionally second-) order 
dependence on acid with such catalysts. This preliminary finding illustrates that two-point 
hydrogen bond donors in the secondary coordination sphere may allow access to 
interesting reactivity modes that are not observed with one-point donors and have hitherto 
remained unexplored. 
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Conclusion 
 

In summary, we have used a conserved iron porphyrin platform to examine the 
dependence on position and number of multipoint hydrogen-bond donor urea groups in 
the second coordination sphere. In particular, the Fe-ortho-urea complex bearing a two-
point hydrogen-bond donor in close proximity to the catalytic center exhibits a 30-fold 
enhancement in turnover frequency over the parent Fe-TPP catalyst. The positional 
isomer Fe-para-urea, where the  pendant group is unable to interact productively with the 
catalytically-active iron center, is not an effective catalyst and suffers from dimerization in 
solution. Tetra-urea-substituted derivatives Fe-ortho-αααα-tetraurea and Fe-ortho-
αβαβ-tetraurea exhibit virtually no CO2 reduction activity, though the αβαβ atropisomer 
forms a highly stabilized Fe-CO2 adduct. The best catalyst in the series, Fe-ortho-urea, 
exhibits an average Faradaic efficiency of 84% for CO during controlled potential 
electrolysis with no hydrogen detected. Preliminary work with this complex shows that it 
exhibits enhanced catalysis in the presence of tetrabutylammonium hydroxide, achieving 
maximum turnover frequencies of over 7200 s-1. This work illustrates how biomimetic 
multipoint hydrogen-bond donors in the second coordination sphere may be used to tune 
synthetic redox catalysis of CO2 and other molecules relevant to sustainable energy 
processes. 
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Materials and Methods 
 
General Synthetic and Physical Methods. Unless noted otherwise, all manipulations 
were carried out at room temperature under a dinitrogen atmosphere in a VAC glovebox 
or using high-vacuum Schlenk techniques. THF, DCM, toluene and DMF were dried using 
a JC Meyer solvent purification system; in addition to desiccant columns, DMF was 
passed through an isocyanate column to remove dimethylamine impurities. 2,6-lutidine 
was dried over KOH then purified by distillation. All other reagents and solvents were 
purchased from commercial sources and used without further purification. N,N’-bis(3,5-
bis(trifluoromethyl)phenyl)urea was synthesized as described in Chapter 3. Starting 
material porphyrin 2 was synthesized as detailed in Chapter 4. Porphyrins 5 and 6,5 αααα-
66 and αβαβ-67 were made following previously reported procedures. NMR spectra were 
recorded on Bruker spectrometers operating at 300, 400, or 500 MHz as noted. Chemical 
shifts for 1H and 13C{1H} spectra are reported in ppm relative to residual protiated solvent; 
those for 19F spectra are reported in ppm relative to an external CFCl3 standard. Coupling 
constants are reported in Hz. MALDI-MS spectra were recorded using an Applied 
Biosystems Voyager System 6322 with an accelerating voltage of 20,000 V, 200 laser 
shots per spectrum, and a laser rep rate of 20 Hz. α-Cyano-4-hydroxycinnamic acid was 
used as the matrix.   

General Methods for X-Ray Crystallography. Single-crystal X-Ray diffraction was 
performed at the University of California, Berkeley College of Chemistry X-Ray 
Crystallography Facility. Crystals were mounted on nylon loops in Paratone-N 
hydrocarbon oil. Data collection was performed on a Bruker AXS diffractometer using Mo 
Kα radiation and an APEX II CCD area detector.  A low temperature apparatus was used 
to keep crystals at 100K during data collection. Determination of collection strategy, 
integration, scaling, and space group was performed using Bruker APEX2 software. 
Structure solution was performed using SHELXT-2014 and refinement was performed 
using SHELXL-2014.8 

General Methods for Electrochemistry. Non-aqueous electrochemical experiments 
were conducted under Ar or CO2 atmosphere in 0.1 M NBu4PF6 electrolyte in anhydrous 
DMF that had been purified of dimethylamine by passing through an isocyanate column. 
Cyclic voltammetry and controlled-potential electrolysis experiments were performed 
using an Epsilon potentiostat from Bioanalytical Systems, Inc. The working electrode for 
cyclic voltammetry was a 3.0 mm diameter glassy carbon disk (from Bioanalytical 
Systems, Inc.) and was polished between every scan with 0.05-micron alumina powder 
on a felt pad. The counter electrode was a platinum wire. A silver wire in porous Vycor tip 
glass tube filled with 0.1 M NBu4PF6 in DMF was used as a pseudo-reference electrode. 
All potentials were referenced against ferrocene/ferrocenium as an external standard. 
The scan rate for all cyclic voltammograms was 100 mV/sec unless otherwise noted. All 
scans were compensated for internal resistance.  

Details for controlled-potential electrolysis experiments. Controlled-potential 
electrolysis experiments were conducted in a homemade PEEK electrolysis cell (see 
Appendix A, Fig. A.2). The cell has a working compartment (30 mL liquid volume) and 
counter compartment (12 mL liquid volume) that are separated by an ultra-fine glass frit. 
The cell is comprised of five distinct pieces: a main (working compartment) body, a lid, a 



115 

window covering, a side (counter compartment) cell, and a spacer to hold the glass frit. 
The cell features quartz windows on both working and counter sides.  

The cell windows are made from 1/16” thick x 1.5” diameter quartz discs (7500-05; GM 
Associates; Oakland, CA). A 25 mm diameter x 3-3.5 mm thick ultra-fine glass frit 
separates the working and counter compartments (7176; Ace Glass; San Francisco, CA). 
All junctions are sealed with PTFE-coated o-rings (orange with colorless coating) of the 
appropriate size. The working electrode is attached to 6”-long stainless steel rod (1/16” 
OD) which passes through the lid and is sealed with a 1/16” Tefzel ferrule and flangeless 
male nut (P-200 and XP-235X, respectively; Upchurch Scientific). The non-aqueous 
reference electrode consists of a silver wire in a glass tube with a CoralPor frit and is filled 
with the electrolyte used for the CPE experiment (MW-1085; Bioanalytical Systems, Inc.; 
West Lafayette, IN). The reference electrode is held in place with a ½-13 UNC plastic 
bushing and o-ring that makes a gas-tight fitting to the electrode. The gas injection port 
is constructed using a PEEK union (P-703, Upchurch Scientific) with a Teflon septum cut 
to size and held in place with a Delrin flat-bottom plug (P-309; Upchurch Scientific). The 
gas sparging line is made from 1/16” OD PEEK tubing (1531, Upchurch Scientific) that is 
once again sealed to the lid using 1/16” Tefzel ferrules and flangeless male nuts (P-200 
and XP-235X, respectively; Upchurch Scientific). A Tefzel ETFE shut-off valve (P-782; 
Upchurch Scientific) was used to seal the gas sparging line. The outlet for GC sampling 
is constructed from 1/8” OD stainless steel tubing (sealed to the lid with a 1/8” Tefzel ferrule 
and nut (P-300X and P-335X, respectively; Upchurch Scientific)) that is connected to a 
Swagelok ball valve (40 series 1/8” tube fitting; Swagelok; Solon, OH). A piece of 1/8” OD 
stainless steel tubing is used to connect the other end of the ball valve to the stem of a 
Quick-Connect (SS-QM2-S-200, Swagelok), which is attached directly to the GC inlet that 
has been modified with a Quick-Connect body (SS-QM2-B-200, Swagelok). 

Controlled-potential electrolysis experiments were conducted by preparing a 2 mM 
solution of catalyst in 30 mL of 0.1 M TBAPF6/DMF electrolyte. Phenol was added at a 
concentration of 10 mM. The counter electrode chamber was filled with 12 mL of 0.1 M 
TBAPF6/DMF electrolyte with 20 mM tetrabutylammonium acetate. This soluble source 
of acetate was sacrificially oxidized via the Kolbe reaction to generate CO2 and ethane, 
thereby preventing GC detection of solvent oxidation byproducts. Both compartments 
were sealed to be gas-tight. The working compartment was sparged with CO2 for 15 min, 
then closed and injected with 0.5 mL ethylene as a gaseous internal standard. A CV scan 
was collected to benchmark CPE potential, then the CPE experiment was initiated while 
stirring the solution at 300 rps with a 1 cm stirbar. Upon completion, the headspace was 
injected into a SRI-GC equipped with 6’ Hayesep D and 13X Molecular Sieve 
chromatographic columns, as well as a second Hayesep D guard column which is used 
to trap solvent volatiles. Two in-line detectors were used: a TCD for H2 detection, and a 
FID equipped with a methanizer for CO/CO2/C2H4 detection. Temperature and pressure 
ramping was adjusted so that the analytes of interest eluted separately and not during 
valve turns. Analytes of interest were quantified by comparing a ratio of analyte:internal 
standard peak integrals to a calibration curve with known amounts of analyte. 
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Ortho-urea porphyrin. Porphyrin 2 (600 mg, 1.05 mmol) was dissolved in anhydrous p-
dioxane (100 mL) and 3,5-bis(trifluoromethyl)phenyl isocyanate (0.4 mL, 2.41 mmol) was 
added under a N2 atmosphere. The solution was heated to 35˚C for 3 h in the absence of 
light. MeOH (10 mL) was added to quench any unreacted isocyanate; solvent was 
removed under reduced pressure to afford crude ortho-urea. The product was purified 
by column chromatography (2:1 DCM:hexane) on silica and finally recrystallized from 
DCM/MeOH (425 mg, 50% yield). 1H NMR (400 MHz, CD2Cl2) δ 8.72 – 8.91 (m, 6H), 8.53 
– 8.67 (m, 2H), 7.90 – 8.25 (m, 6H), 7.61 – 7.86 (m, 10H), 7.58 (t, J = 7.2 Hz, 1H), 7.37 – 
7.48 (m, 2H), 7.27 (s, 1H), 6.97 (s, 2H), 5.80 (s, 1H), 5.69 (s, 1H), -2.90 (br s, 2H). 13C{1H} 
NMR (126 MHz, CD2Cl2) δ 151.64, 141.94, 141.83, 139.91, 138.80, 134.98, 134.94, 
134.89, 134.68, 134.50, 131.72 (q, J = 33.1 Hz), 131.71, 129.67, 128.26, 128.20, 127.21, 
127.13, 127.00, 123.36 (q, J = 272.6 Hz), 122.68, 121.40, 120.98, 120.92, 118.05, 115.68 
– 115.92 (m), 113.42. 19F NMR (376 MHz, CD2Cl2) δ -62.86. Λmax (CH2Cl2) 418, 441, 521, 
549, 590, 648 nm. ESI-MS calculated for C53H35F6N6O (M+H)+ 885.3, found 885.8. 

5-[4-Nitrophenyl]-10,15,20-triphenyl porphyrin (3). Porphyrin 3 was synthesized 
according to literature procedure.9 Tetraphenylporphyrin (600 mg, 0.977 mmol) was 
dissolved in trifluoroacetic acid (20 mL) and stirred under N2. Sodium nitrite (120 mg, 
1.740 mmol) was suspended in trifluoroacetic acid (10 mL) and added to the porphyrin 
solution over 30 seconds. After 2.5 additional min, the green solution was quenched by 
pouring into 300 mL cold water and extracted with DCM. The organic layer was 
neutralized with saturated NaHCO3 solution and rinsed with water, then dried over 
MgSO4. Solvent was removed under reduced pressure to afford crude 3. The product 
was purified by column chromatography (starting at 2:1 hexane:DCM and ending at 1:1 
hexane:DCM) on silica (340 mg, 53% yield). The 1H NMR spectrum agrees well with the 
literature reports of this compound. 1H NMR (400 MHz, CDCl3) δ 8.83 – 8.93 (m, 6H), 
8.72 – 8.76 (m, 2H), 8.64 (d, J = 8.6 Hz, 2H), 8.41 (d, J = 8.6 Hz, 2H), 8.17 – 8.25 (m, 
6H), 7.73 – 7.83 (m, 9H), -2.79 (s, 2H). 

5-[4-Aminophenyl]-10,15,20-triphenyl porphyrin (4). Porphyrin 3 (375 mg, 0.568 
mmol) was dissolved in concentrated HCl (125 mL) and SnCl2·2H2O (1.537 g, 6.811 
mmol) was added as a solid. The solution was heated to 65˚C for 1 h, then poured into 
300 mL water and neutralized to pH 8 with ammonium hydroxide. The aqueous phase 
was extracted with DCM, rinsed with water, and dried over MgSO4. Solvent was removed 
under reduced pressure to afford crude 4. The product was purified by column 
chromatography (starting at 2:1 hexane:DCM and progressing slowly to 3:1 DCM:hexane 
and finally pure DCM) on silica, followed by recrystallization from DCM/MeOH (199 mg, 
46% yield). The 1H NMR spectrum agrees well with the literature reports of this 
compound. 1H NMR (400 MHz, CDCl3) δ 9.04 – 9.12 (m, 2H), 8.96 – 9.04 (m, 6H), 8.30 
– 8.41 (m, 6H), 8.06 (d, J = 8.0 Hz, 2H), 7.77 – 7.89 (m, 9H), 6.95 (d, J = 7.9 Hz, 2H), 
3.79 (br s, 2H), -2.55 (s, 2H). ESI-MS calculated for C44H32N5 (M+H)+ 630.3, found 630.5. 

Para-urea porphyrin. Porphyrin 4 (145 mg, 0.230 mmol) was dissolved in anhydrous p-
dioxane (20 mL) and 3,5-bis(trifluoromethyl)phenyl isocyanate (0.12 mL, 0.69 mmol) was 
added under a N2 atmosphere. The solution was stirred overnight at RT in the absence 
of light. MeOH (10 mL) was added to quench any remaining isocyanate; solvent was 
removed under reduced pressure to afford crude para-urea. The product was purified by 
column chromatography (starting at 1:1 DCM:hexane and progressing to pure DCM and 
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finally 1% MeOH in DCM) on silica. A second column (3:1 hexane:EtOAc to 2:1 
hexane:EtOAc) was run on the purified fractions to obtain the pure product (165 mg, 74% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 9.65 (s, 1H), 9.48 (s, 1H), 8.88 – 8.96  (m, 2H), 
8.78 – 8.87 (m, 6H), 8.28 (s, 2H), 8.19 – 8.25 (m, 6H), 8.17 (d, J = 8.4 Hz, 2H), 7.96 (d, J 
= 8.4 Hz, 2H), 7.78 – 7.88 (m, 9H), 7.72 (s, 1H), -2.91 (s, 2H). 13C{1H} NMR (126 MHz, 
DMSO-d6) δ 152.75, 141.97, 141.27, 141.26, 139.15, 135.26, 134.89, 134.27, 130.83 (q, 
J = 32.6 Hz), 128.13, 127.05, 123.43 (q, J = 272.6 Hz), 120.09, 120.03, 119.92, 118.05 – 
118.39 (m), 117.40, 114.60. 19F NMR (376 MHz, DMSO-d6) δ  -60.80 ppm.  Λmax (CH2Cl2) 
418, 520, 553, 593, 649 nm. ESI-MS calculated for C53H35F6N6O (M+H)+ 885.3, found 
886.0. 

αααα-ortho-tetraurea. Porphyrin αααα-6 (400 mg, 0.593 mmol) was dissolved in 100 
mL anhydrous THF and 3,5-bis(trifluoromethyl)phenyl isocyanate (1.03 mL, 5.93 mmol) 
was added under a N2 atmosphere. The solution was stirred overnight at RT in the 
absence of light. MeOH (10 mL) was added to quench any remaining isocyanate; solvent 
was removed under reduced pressure to afford crude product. The product was purified 
by column chromatography (1:1 hexane:DCM to pure DCM and finally 8:1 DCM:EtOAc) 
on silica, with N,N’-bis(3,5-bis(trifluoromethyl)phenyl)urea eluting as the first band. The 
pure product was obtained as a purple solid (0.40 g, 40% yield). 1H NMR (400 MHz, 
DMSO-d6) δ 8.99 (br s, 4H), 8.84 (s, 8H), 8.31 (d, J = 8.3 Hz, 4H), 7.90 – 7.79 (m, 8H), 
7.62 (s, 4H), 7.51 (t, J = 7.5 Hz, 4H), 7.47 (s, 8H), 7.29 (s, 4H), -2.66 (s, 2H). 19F NMR 
(376 MHz, DMSO-d6) δ 57.06. Λmax (CH2Cl2) 255, 423, 522, 557, 592, 647 nm. MALDI-
MS calculated for C80H46F24N12O4 (M+H)+ 1695.35, found 1695.74; C80H46F24N12O4Na 
(M+Na)+ 1717.33, found 1717.69; C80H46F24N12O4K (M+K)+ 1733.30, found 1733.65. 
 

αβαβ-ortho-tetraurea. Porphyrin αβαβ-6 (65 mg, 0.096 mmol) was dissolved in 10 mL 
anhydrous THF and 3,5-bis(trifluoromethyl)phenyl isocyanate (0.25 mL, 1.44 mmol) was 
added under a N2 atmosphere. The solution was stirred overnight at RT in the absence 
of light. MeOH (10 mL) was added to quench any remaining isocyanate; solvent was 
removed under reduced pressure to afford crude product. The product was purified by 
column chromatography (hexane, 3:1 hexane:EtOAc, 2:1 hexane:EtOAc, and finally 1:1 
hexane:EtOAc) on silica, with N,N’-bis(3,5-bis(trifluoromethyl)phenyl)urea eluting as the 
first band. The pure product was obtained as a purple solid (120 mg, 74% yield). 1H NMR 
(400 MHz, DMSO-d6) δ 8.77 (s, 8H), 8.64 (s, 4H), 8.34 (d, J = 8.1 Hz, 4H), 8.05 (d, J = 
7.5 Hz, 4H), 7.86 (t, J = 8.0 Hz, 4H), 7.53 (t, J = 7.7 Hz, 4H), 7.44 (s, 8H), 7.40 (s, 4H), 
7.21 (s, 4H), -2.63 (s, 2H). 19F NMR (376 MHz, DMSO-d6) δ 57.41. Λmax (CH2Cl2) 256, 
421, 515, 548, 588, 644 nm. 
 

 

General procedure for synthesis of Fe porphyrins. Metallation of porphyrins was 
performed in a N2-filled glovebox or using standard Schlenk techniques and dry solvents 
to avoid the formation of μ-oxo dimers. To a solution of the free-base porphyrin (1 eq) in 
dry THF was added anhydrous FeBr2 (15 eq) as a suspension in dry THF. Distilled lutidine 
(3 eq) was added and the solution was heated to 65˚C overnight in the absence of light. 
The resulting solution was neutralized by pouring into 1 M HBr. After extraction into EtOAc 
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and rinsing with copious water, the organic phase was dried over MgSO4 and the solvent 
was removed under reduced pressure. The crude complex was purified according to the 
conditions specified below.  

Fe-ortho-urea. Metallation was performed as described above using 360 mg of ortho-
urea. Purification was achieved by column chromatography (pure DCM then progressing 
slowly to 2% MeOH in DCM) on silica (250 mg, 60% yield). Λmax (CH2Cl2) 348, 414, 514 
nm. ESI-MS calculated for C53H32F6FeN6O (M)+ 938.2, found 938.5; C54H36F6FeN6O2 
(M+MeOH)+ 970.2, found 970.5. 

Fe-para-urea. Metallation was performed as described above using 100 mg of para-
urea. Purification was achieved by column chromatography (pure DCM then progressing 
slowly to 2% MeOH in DCM) on silica (93 mg, 80% yield). Λmax (CH2Cl2) 410, 571, 613 
nm. ESI-MS calculated for C53H32F6FeN6O (M)+ 938.2, found 938.8; C54H36F6FeN6O2 
(M+MeOH)+ 970.2, found 970.8. 

Fe-αααα-ortho-tetraurea. Metallation was performed as described above using 213 mg 
of αααα-ortho-tetraurea. Purification was achieved by column chromatography (pure 
DCM then progressing slowly to 1% and finally 2% MeOH in DCM) on silica (190 mg, 
82% yield). Λmax (CH2Cl2) 258, 344, 416, 504 nm. MALDI-MS calculated for 
C80H44F24FeN12O4 (M)+ 1748.26, found 1748.04; C80H44F24FeN12O4Na (M+Na)+ 1771.25, 
found 1771.04. 

Fe-αβαβ-ortho-tetraurea. Metallation was performed as described above using 85 mg 
of αβαβ-ortho-tetraurea. Purification was achieved by column chromatography (pure 
DCM then progressing slowly to 1% and finally 2% MeOH in DCM) on silica (51 mg, 56% 
yield). Λmax (CH2Cl2) 256, 343, 415, 506 nm. 

Zn-ortho-urea. Porphyrin ortho-urea (31 mg, 0.035 mmol) was dissolved in chloroform 
(6 mL) and sparged with N2 for 5 min. A solution of Zn(OAc)2 (16 mg, 0.088 mmol) in 
methanol (1 mL) was added dropwise. The resulting solution was stirred at RT overnight 
in the absence of light. The organic phase was washed with saturated NaHCO3 three 
times followed by water three times, then dried over MgSO4. The product was purified by 
recrystallization via vapor diffusion of water into a solution of DMF (29 mg, 87% yield). X-
ray quality crystals were grown by slow vapor diffusion of water into a solution of Zn-
ortho-urea in DMF. 1H NMR (500 MHz, CDCl3) δ 8.95 – 8.86 (m, 6H), 8.82 (d, J = 4.7 
Hz, 2H), 8.55 (d, J = 8.5 Hz, 1H), 8.26 – 8.04 (m, 6H), 7.94 (d, J = 7.4 Hz, 1H), 7.83 – 
7.63 (m, 11H), 7.41 (t, J = 7.4 Hz, 1H), 7.28 (s, 2H), 7.18 (s, 1H), 7.16 (br s, 1H). 13C{1H} 
NMR (126 MHz, CDCl3) δ 152.55, 150.37, 150.33, 150.26, 150.03, 142.98, 142.84, 
140.88, 139.52, 134.82, 134.72 (d, J = 4.2 Hz), 134.43, 132.75, 132.08, 132.01, 131.93, 
131.71, 131.44, 131.40, 129.25, 127.62, 126.73, 126.61, 126.56, 123.15 (q, J = 272.6 
Hz), 121.51, 121.47, 121.09, 119.82, 117.46, 114.96 – 114.44 (m). 19F NMR (376 MHz, 
CDCl3) δ -62.47.   Λmax (CH2Cl2) 419, 548. ESI-MS calculated for C53H32F6N6OZn (M)+ 
946.2, found 946.8.  
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Figures and Schemes 

 

Figure 5.1. Titration of the bis(aryl)urea additive to a solution of Fe-TPP in 0.1 M TBAPF6 in DMF under 
CO2 atmosphere. 
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Figure 5.2. Cyclic voltammograms of Fe-TPP under N2 atmosphere in the absence (gray trace) and 
presence (green traces) of Schreiner’s urea additive. Conditions: 0.1 M TBAPF6 in DMF, 1 mM Fe-TPP 
catalyst. 
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Figure 5.3. Variation of the rate of CO2 reduction (k, s-1) as a function of urea concentration, showing that 
the reaction order in urea additive is 1. Measurements were performed in 0.1 M TBAPF6 in DMF in the 
presence of excess CO2 (1 atm, 0.23 M), and rates were obtained using Foot-of-the-Wave analysis. 
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Figure 5.4. Comparison of rates of CO2 reduction with Fe-TPP as a function of exogenously added urea or 
amide. Rates were determined using Foot-of-the-Wave analysis. Conditions: 0.1 M TBAPF6 in DMF, 1 mM 
Fe-TPP catalyst. 
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Scheme 5.1. Synthesis of freebase mono-substituted porphyrins ortho-urea and para-urea. 
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Scheme 5.2. Synthesis of freebase tetra-substituted porphyrins ortho-urea and para-urea. 
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Figure 5.5. Solid-state structure of Zn-ortho-urea. Non-coordinated solvent molecules and C-H hydrogens 
have been omitted for clarity. Thermal ellipsoids are shown at the 50% level. 
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Empirical formula  C31 H26.50 F3 N4.50 O2 Zn0.50 
Formula weight  583.75 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.5880(9) Å α = 76.275(5)° 
 b = 13.0686(14) Å β = 86.231(4)° 
 c = 22.2054(17) Å γ = 67.745(3)° 

Volume 3022.3(5) Å
3
 

Z 4 

Density (calculated) 1.283 Mg/m
3
 

Absorption coefficient 0.478 mm
-1

 
F(000) 1208 

Crystal size 0.040 x 0.040 x 0.010 mm
3
 

Theta range for data collection 1.730 to 25.447°. 
Index ranges -11<=h<=13, -15<=k<=15, -26<=l<=26 
Reflections collected 39549 
Independent reflections 10888 [R(int) = 0.0949] 
Completeness to theta = 25.000° 98.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6282 and 0.5291 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 10888 / 0 / 780 

Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0721, wR2 = 0.1658 
R indices (all data) R1 = 0.1356, wR2 = 0.1964 
Extinction coefficient n/a 

Largest diff. peak and hole 0.918 and -0.577 e.Å
-3
 

 

Table 5.1. Crystallographic data and structure refinement information for Zn-ortho-urea. 
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Figure 5.6. Cyclic voltammetry of Fe-ortho-urea (red), Fe-para-urea (orange) and Fe-TPP (black) in 0.1 M 
TBAPF6 in DMF under an Ar atmosphere. Scan rate: 100 mV/sec. 
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Figure 5.7. Linear correlation between (scan rate)1/2 and peak current, ip, of the formal FeI/0 couple in 0.1 
M TBAPF6/DMF for A) Fe-ortho-urea, B) Fe-para-urea. 

 

 

 

 

A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



129 

 

 

 

 

 

 

Table 5.2. Summary of standard reduction potentials (𝑬𝒄𝒂𝒕
𝟎 ) and maximum turnover frequencies (TOFmax) 

for the two urea-functionalized catalysts, the two tetra-functionalized atropisomers which do not catalyse 
CO2 reduction, and unfunctionalized Fe-TPP. aRate determined by Foot-of-the-Wave analysis, taking an 
average of three independent measurements. bRate determined by Foot-of-the-Wave analysis and plateau 
current method, taking an average of three independent measurements for each technique.  

 

 

 

Catalyst 
𝑬𝒄𝒂𝒕

𝟎   
(V vs Fc+/0) 

TOFmax  
(s-1) 

Fe-ortho-urea -2.06 2.23x103 a 

Fe-para-urea -2.18 1.08x101 a 

Fe-ortho-αααα-tetraurea -1.99 --- 

Fe-ortho-αβαβ-tetraurea -1.87 --- 

Fe-TPP -2.14 8.66x101 b 
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Figure 5.8. Cyclic voltammograms of the three iron porphyrins examined in this study: Fe-ortho-urea (red), 
Fe-para-urea (orange), and Fe-TPP (black) in 0.1 M TBAPF6 in DMF with 10 mM phenol and under CO2 

atmosphere. Scan rate: 100 mV/sec. 𝑖/𝑖𝑝
0 represents the ratio of current to peak current in the absence of 

CO2. 

 

 

 

 

 

 

 



131 

 

Figure 5.9. Variation of catalytic rate as a function of concentration of Fe-para-urea catalyst showing the 
effects of presumed dimerization at concentrations above 0.4 mM catalyst. Conditions: 0.1 M TBAPF6 in 
DMF, 10 mM phenol.  
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Figure 5.10. Cyclic voltammograms of tetra-urea porphyrins showing differences in CO2 affinity for the two 
atropisomers examined. The arrow gives the location of the formal FeI/0 couple for Fe-αβαβ-tetraurea 
complex; the anodic shift of this peak is evident under a CO2 atmosphere. Conversely, the formal FeI/0 
couple for Fe-αααα-tetraurea overlaps perfectly with the red trace shown above, indicating minimal affinity 
for CO2. Conditions: 0.1 M TBAPF6 in DMF, 10 mM phenol.  
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Figure 5.11. Catalytic Tafel plots for the series of Fe porphyrins with [PhOH] = 10 mM. Overpotential is 

defined as 𝜂 =  𝐸𝐶𝑂2/𝐶𝑂
0 − 𝐸. 
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Figure 5.12. Faradaic efficiency (%) for CO (blue) and H2 (red) for controlled potential electrolyses 
performed at -2.05 V vs Fc/Fc+ with catalyst Fe-ortho-urea. No hydrogen was detected by gas 
chromatography at any timepoint. 
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Figure 5.13. Cyclic voltammograms of Fe-ortho-urea in 0.1 M TBAPF6/DMF under a CO2 atmosphere 
upon addition of increasing amounts of TBAOH additive. Arrows are used to illustrate the direction of the 
scan, and show how the significant curve-crossing in the absence of base is reduced upon addition of 50 
eq of TBAOH. Scan rate is 100 mV/sec for all measurements.  
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Figure 5.14. Variation of the rate of CO2 reduction by Fe-ortho-urea, as a function of A) TBAOH 
concentration ([CO2] = 230 mM) and B) CO2 concentration ([TBAOH] = 50 mM) showing first-order 
dependence in both cases. Rates were determined using Foot-of-the-Wave analysis.  
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Controlled Potential Electrolysis: Cell Design and Product Quantification 
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Abstract 
 

The study of electrocatalysts for small molecule redox transformations 
necessitates bulk electrochemical techniques such as controlled potential electrolysis 
(CPE) to determine catalyst selectivity. Such experiments require a rigorously gas-tight 
electrochemical cell and the ability to detect and quantify gaseous products by gas 
chromatography. This Appendix will discuss the design of several electrochemical cells 
for CPE experiments (both aqueous and in organic solvent), selection and assembly of 
electrodes, and gaseous product quantification using gas chromatography. Details are 
given in later sections on the procedures for running samples on various instruments in 
the Chang lab. 
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Controlled Potential Electrolysis: General Considerations 
 

The objectives of a CPE experiment are to ascertain the stability and product selectivity 
of a given homo- or heterogeneous electrocatalyst. The typical setup involves three 
electrodes: the reductive/oxidative transformation of interest occurs at the working 
electrode, which is held at a constant desired potential versus a calibrated reference 
electrode. The circuit is completed by a counter electrode, where the oxidative/reductive 
half-reaction occurs. Catalyst stability is typically determined by observing the current 
passed as a function of time—a steady current usually indicates that the catalyst is stable 
under the specified conditions, while decreases or increases in current over time suggest 
catalyst decomposition or activation, respectively. Evaluating product selectivity is done 
by passing a large amount of charge and quantifying the resulting products. An important 
metric in this regard is the Faradaic efficiency (FE) for a given product, 
 

𝐹𝐸𝑝𝑟𝑜𝑑 =  
𝑛𝐹 × 𝑚𝑜𝑙𝑝𝑟𝑜𝑑

𝑄
                                                 (1) 

 
where n is the number of electrons required to convert one molecule of reactant to 
product, F is Faraday’s constant, molprod is the number of moles of product generated, 
and Q is the total charge passed during the CPE experiment. If more than one product is 
generated, a FE may be determined for each product, where the total FE should be close 
to 100%.  
Several features of CPE cells are critical for obtaining dependable quantification results. 
They are mentioned below: 
 
Two compartment cells: 
The reactions occurring at the counter electrode pose a potential problem for product 
quantification: FEprod could be artificially increased or decreased, respectively, if additional 
product is generated via oxidative decomposition of solvent or oxidatively consumed at 
the counter electrode. In addition, the possibility of oxidative decomposition of catalyst 
threatens to decrease the concentration of active species in solution. For these reasons, 
it is prudent to conduct CPE experiments in two-compartment electrochemical cells, 
where the working- and counter electrodes are separated from each other by a membrane 
or frit to permit electrical conductivity but hamper mass transport. In some cases it is 
possible to use a one-compartment cell, provided that precautions are taken to avoid 
generation of unwanted byproducts (see below for examples). 
 
Rigorously gas-tight cells: 
Accurate gaseous quantification obviously requires the product to be generated in a gas-
tight compartment. The extent of rigor required depends on the length of time of the CPE 
(longer experiments allow more time for leakage) and the volume of product generated, 
as well as on the relative densities of product gases vs the starting headspace 
atmosphere (i.e., H2 is very prone to leaking). In addition, both the working and counter 
compartments of a two-compartment cell must be gas-tight to prevent pressure/liquid 
equilibration across a frit or membrane. In our experience, the best results are obtained 
in rigorously gas-tight cells. This requires all openings to be sealed with solvent-
compatible o-rings or ferrules and all septa to be sealed with a removable cap. It is 
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prudent to pressurize CPE cells with air and submerge in a water bath to check for leaks 
at the beginning of a series of experiments.  
 
Direct headspace introduction into GC: 
To prevent errors during sample introduction into the GC, direct introduction into the GC 
sampling loop is preferable over headspace removal via syringe. Direct introduction 
requires Swagelok quick connect fittings on the GC sample loop inlet and the CPE cell, 
as well as a Swagelok ball valve to keep the cell sealed when not in use.  
The direct injection procedure makes use of a pre-evacuated Strauss flask to place the 
GC sample loop under passive vacuum. The ball valve on the CPE cell is subsequently 
opened, thereby pulling the headspace into the GC sampling loop.  
 
Appropriate liquid/headspace volumes: 
In general, smaller CPE cells are more desirable. Smaller liquid volumes require less 
homogeneous catalyst to attain the desired concentration, and smaller headspace 
volumes require less product generation to attain a detectable concentration (thereby 
allowing shorter CPE experiments where catalyst decomposition becomes less likely). 
However, it can be challenging to construct small volume CPE cells given the numerous 
accessories and ports required. Often, cell selection is a tradeoff between cell size and 
convenience.  
 
Examples of Aqueous CPE Cells 
 

Glass Two-Compartment Cell 

Custom-made two-compartment glass electrochemical cells have been used for a wide 
variety of aqueous controlled potential electrolysis experiments in our lab (Fig. A.1). The 
cells were purchased from Adams and Chittenden Scientific Glass; Berkeley, CA. The 
working electrode chamber (liquid volume = 130 mL) (f) was sealed with a gas-tight lid 
possessing five distinct ports: 1) electrical connection to working electrode (e), 2) 
electrical connection to reference electrode (d), 3) gas line for solution sparging (b), 4) 
connection to GC for headspace sampling (a), and 5) re-sealable septum for manual gas 
injection/sampling (c). The counter electrode chamber (liquid volume = 70 mL) (g) was 
closed at the top with a GL45 media bottle cap with silicone septum. 

Ports a, b, and d on the lid (size Ace #7) were sealed with front-sealing PTFE bushing 
closures (5846-44) and port e (size Ace #15) was sealed with a rear-sealing PTFE 
bushing closure (5846-48) (Ace Glass; San Francisco, CA). Port c (size Ace #7) was 
sealed with a front-sealing nylon bushing closure (5846-04, Ace Glass). Bushings for 
ports a, b, d, and e were modified in the following manner: a 1/16” hole was drilled all the 
way through the center of the bushing, and ¼” - 28 screw threads were drilled in the 
center, 8 mm deep from the outer side of the bushing. A 4” long stainless steel rod (1/16” 
OD) was inserted through the bushings for ports d and e and further sealed using a 1/16” 
TEFZEL ferrule and flangeless male nut (P-200 and XP-235X, respectively; Upchurch 
Scientific; Oak Harbour, WA) that was screwed directly into the newly made opening on 
the bushing. Ports a and b were constructed in a similar manner, but replacing the 
stainless-steel rods with 1/16” OD PEEK tubing (1531, Upchurch Scientific). The PEEK 
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tubing was connected to Swagelok ball valves (40 series 1/8” tube fitting; Swagelok; Solon, 
OH) using PEEK unions (P-703, Upchurch Scientific), 1/8” OD stainless steel tubing, and 
1/16” and 1/8” TEFZEL ferrules and flangeless male nuts (P-300X and P-335X, 
respectively; Upchurch Scientific). A piece of 1/8” OD stainless steel tubing was used to 
connect the ball valve of port a to the stem of a Quick-Connect (SS-QM2-S-200, 
Swagelok), which could be attached directly to the GC inlet that had been modified with 
a Quick-Connect body (SS-QM2-B-200, Swagelok). The bushing for port c was modified 
as follows:  a 1/16” hole was drilled all the way through the center of the bushing, and a 
#8-32 screw thread was drilled in the center, ½” deep from the outer side of the bushing. 
An 8 mm teflon-coated silicone septum (Ace Glass) was placed behind the modified 
bushing of the manual gas injection port, and a ½”, 8-32 sealing socket head cap screw 
(95198A535, McMaster-Carr; Santa Fe Springs, CA) was used to block access to the port 
when not in use. All electrodes used in the cathodic chamber were entirely contained 
within the chamber for the duration of the experiment to minimize leaks and were 
connected to a potentiostat via the stainless steel feed-through rods. The reference 
electrode connection was constructed by crimping a gold-plated 1.5 mm socket 
(VN0201500462; Amphenol; Clinton Township, MI) to the stainless-steel feedthrough rod. 
An aqueous Ag/AgCl reference electrode terminated with a 1.5 mm-diameter gold pin 
(RE-6; Bioanalytical Systems, Inc; West Lafayette, IN) could be directly plugged into the 
socket. 

The headspace volume of the cathodic chamber is 100 mL. The working and counter 
chambers are separated either by a cation exchange membrane (Nafion 117, Sigma 
Aldrich) or by an anion exchange membrane (“Selemion membrane” AMV membrane; 
AGC Engineering Co., LTD, Chiba, Japan). Anion exchange membranes are desirable to 
minimize pH changes during long-term experiments. Once wet, membranes should be 
stored in dilute HCl and never be allowed to dry out. 

 
Examples of Non-Aqueous CPE Cells 
 

PEEK Cell 
A solvent-resistant plastic such as PEEK is a good material for electrochemical cell 
construction as it can be easily machined in a small size that may be difficult to obtain 
with glass. The cell described here (Fig. A.2) has a working compartment (30 mL liquid 
volume) and counter compartment (12 mL liquid volume) that are separated by an ultra-
fine glass frit. A primary advantage of this cell is that the small liquid volume of the working 
compartment minimizes the amount of homogeneous catalyst required and the small 
headspace volume lowers the detection limit for evolved gases.  
 
The cell is comprised of five distinct pieces: a main (working compartment) body (Fig. 
A.3), a lid (Fig. A.4), a window covering (Fig. A.5), a side (counter compartment) cell (Fig. 
A.6), and a spacer to hold the glass frit (not shown). The cell features quartz windows on 
both working and counter sides for use with photoelectrochemical experiments.  
 
The cell windows are made from 1/16” thick x 1.5” diameter quartz discs (7500-05; GM 
Associates; Oakland, CA). A 25 mm diameter x 3-3.5 mm thick ultra-fine glass frit 
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separates the working and counter compartments (7176; Ace Glass; San Francisco, CA). 
All junctions are sealed with PTFE-coated o-rings (orange with colorless coating) of the 
appropriate size. The working electrode is attached to 6”-long stainless steel rod (1/16” 
OD) which passes through the lid and is sealed with a 1/16” Tefzel ferrule and flangeless 
male nut (P-200 and XP-235X, respectively; Upchurch Scientific). The non-aqueous 
reference electrode consists of a silver wire in a glass tube with a CoralPor frit and is filled 
with the electrolyte used for the CPE experiment (MW-1085; Bioanalytical Systems, Inc.; 
West Lafayette, IN). The reference electrode is held in place with a ½-13 UNC plastic 
bushing and o-ring that makes a gas-tight fitting to the electrode.The gas injection port is 
constructed using a PEEK union (P-703, Upchurch Scientific) with a teflon septum cut to 
size and held in place with a Delrin flat-bottom plug (P-309; Upchurch Scientific). The gas 
sparging line is made from 1/16” OD PEEK tubing (1531, Upchurch Scientific) that is once 
again sealed to the lid using 1/16” Tefzel ferrules and flangeless male nuts (P-200 and XP-
235X, respectively; Upchurch Scientific). A Tefzel ETFE shut-off valve (P-782; Upchurch 
Scientific) was used to seal the gas sparging line. The outlet for GC sampling is 
constructed from 1/8” OD stainless steel tubing (sealed to the lid with a 1/8” Tefzel ferrule 
and nut (P-300X and P-335X, respectively; Upchurch Scientific)) that is connected to a 
Swagelok ball valve (40 series 1/8” tube fitting; Swagelok; Solon, OH). A piece of 1/8” OD 
stainless steel tubing is used to connect the other end of the ball valve to the stem of a 
Quick-Connect (SS-QM2-S-200, Swagelok), which is attached directly to the GC inlet that 
has been modified with a Quick-Connect body (SS-QM2-B-200, Swagelok).  
 
While the PEEK cell is the most convenient option for non-aqueous bulk electrolysis 
experiments, it does suffer from some less ideal issues. It is difficult to purchase frits of 
consistent thickness, so it is best to have the PEEK frit insert custom-manufactured to fit 
a given frit. Exercise extreme caution with (dis)assembling the PEEK cell as uneven 
pressure from the screws may cause the frit to crack. For this reason, it is best to limit 
disassembly to removal of the working compartment lid. The counter compartment may 
be rinsed with solvent via syringe through opening L, and the frit may be routinely cleaned 
by filling the working reservoir with solvent and applying slight vacuum to opening L. It is 
wise to disassemble and clean the cell immediately after a CPE experiment to avoid 
problems such as o-ring swelling, electrode decay, frit clogging, and window cracking.   
 
Glass One-Compartment Cell 
A glass one-compartment cell was designed for applications where reduction of the liquid 
volume is desired at the expense of the headspace volume. As shown in Figure A.7, this 
cell possesses a similar glass construction to the two-compartment aqueous cell 
described in the section above with several key distinctions: there is only one (reduced 
volume) compartment, and the cap has been modified to include four ports instead of 
three. All specifications are as described for the aqueous cell.   
 
In order to avoid some of the drawbacks mentioned above with one-compartment cells, 
the counter electrode in this cell was isolated from the bulk solution by housing it within a 
stemless 2 mL fine frit. This frit is filled with electrolyte to the same level as the 
surrounding bulk solution. When performing reductive controlled potential electrolyses, 
the frit compartment solution contains excess tetrabutylammonium acetate, which can be 
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electrochemically decarboxylated via the Kolbe reaction to yield CO2 and ethane. This 
sacrificial salt thus prevents possible solvent oxidation leading to non-CO2-derived CO. 
Owing to the large headspace of this cell, it is not particularly suitable for CPE 
experiments that generate small amounts of gaseous products.  
 
Design and Assembly of Electrodes 
 

Working Electrodes 
The choice of working electrode material depends on the intended application. Usually, 
an inert electrode material is desired, meaning that it facilitates the transfer of electrons 
to a catalyst but is not a heterogeneous catalyst for undesired redox reactions. The 
degree to which an electrode is inert under certain conditions may be assessed by taking 
a cyclic voltammogram or linear sweep voltammogram; inert electrodes will pass very 
minimal (capacitive) current in the desired potential range. For reductive transformations, 
carbon-based electrodes (especially high-purity glassy carbon) are usually the material 
of choice. Other options for carbon working electrodes include conductive carbon cloth 
and carbon paper.  
 
Glassy carbon electrodes are generally preferred for use at very negative potentials and 
with homogeneous catalysts; their higher purity and uniformity prevents undesired 
background reactions and allows nice cyclic voltammograms to be collected even with 
relatively large electrodes. Their application can be challenging with heterogeneous 
catalysts, which tend to flake/peel off the smooth electrode surface. Carbon cloth/paper 
electrodes are generally preferred for use with heterogeneous catalysts as the increased 
roughness of the electrode improves mechanical stability. However, the inhomogeneity 
of carbon cloth/paper electrodes causes difficulty in collecting clean cyclic 
voltammograms. Additionally, the hydrophobicity of these electrode materials may 
present problems with thorough removal of oxygen from solution, as well as with substrate 
diffusion to the electrode. For these reasons, carbon cloth/paper may pose challenges. 
 
Glassy carbon electrodes: In our experience, glassy carbon from Tokai Carbon, Ltd. 
contains the fewest impurities and hence affords the cleanest background scans. Glassy 
carbon purchased as a plate may be cut to size in the machine shop and fabricated into 
homemade electrodes. Cut glassy carbon pieces (usually 1x1 cm2) should be polished 
extensively using alumina and a felt pad until shiny. A 6”-long stainless steel rod (1/16” 
OD) may be glued to the unpolished side of the glassy carbon square using conductive 
silver epoxy (16043; Ted Pella; Redding, CA). After drying overnight or until completely 
solid, the resistance of this new contact should be verified to be low (<15 Ω). Non-
conductive chemically-resistant epoxy such as Hysol 1C-LV (Loctite; Westlake, OH) is 
then used to cover all four sides of the electrode and the silver epoxy connection as well 
as a portion of the stainless-steel rod, leaving only the 1x1 cm2 polished portion 
uncovered. After drying overnight, the epoxy may be trimmed using a razor blade and the 
electrode further polished. Note: any portion of the stainless-steel rod that is in contact 
with electrolyte may be electroactive, causing corrosion or unproductive H2-generation. 
For this reason, take great care to insulate the rod with epoxy. Additionally, it is critically 
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important that no electrolyte can access the silver epoxy junction as this may lead to Ag+ 
ion contamination.  
 
Carbon cloth and carbon paper electrodes: Conductive carbon or cloth (Fuel Cell Earth; 
Woburn, MA) should be soaked/sonicated in 0.1 M HCl for several hours to remove trace 
metal impurities and subsequently washed with MQ water. The electrode may be 
attached to the stainless-steel rod by crimping a toothless alligator clip to the end of the 
rod. It is generally helpful to wrap the carbon/alligator clip junction in parafilm to protect 
the clip from corrosion and prevent it from catalyzing H2 evolution if it gets wet.  
 
Reference Electrodes 
Reference electrodes are generally separated according to the solvent they are filled with: 
aqueous and non-aqueous. Ag/AgCl reference electrodes are commonly used for 
aqueous CPE experiments. They should be periodically referenced (for example, vs. 
potassium ferricyanide in pH 7 electrolyte), but are generally robust and may be used as 
received (Bioanalytical Systems, Inc; West Lafayette, IN). Non-aqueous reference 
electrodes consist of a silver wire in a glass tube with a CoralPor frit (MW-1085; 
Bioanalytical Systems, Inc.; West Lafayette, IN) and are filled with the electrolyte used for 
the CPE experiment. Unless the non-aqueous reference electrode solution contains a 
constant concentration of Ag+ ions, the electrode is technically a “pseudo-reference” and 
cannot be used to definitively provide a reference potential. However, due to potential 
problems involving leaching of Ag+ ions out of the frit into bulk solution and reductive 
deposition of these ions on the cathodic electrode, it is usually best to make do with a 
pseudo-reference. The exact potential of CPE electrolysis can be determined by 
comparing a pre-CPE CV (V vs pseudo-ref) to a CV that has been referenced to Fc/Fc+.  
 
Counter Electrodes 
The material used as a counter electrode is also critical for obtaining consistent and 
trustworthy CPE results. Pt counter electrodes are common (especially for cyclic 
voltammetry), but can lead to platinum deposition at the cathodic electrode over time (Pt 
anodes may release Pt2+ ions during extended electrolysis and these ions may be 
reductively electrodeposited on the working electrode). This can lead to spurious 
hydrogen evolution. For this reason, carbon electrodes are preferred. 1” graphite 
planchets (16510; Ted Pella) make robust counter electrodes that avoid metal leaching 
issues.  
 
 
SRI-GC Headspace Analysis: Overview 
 

Quantification of headspace gases is accomplished using a SRI 8610C gas 
chromatograph. The Chang lab has two such instruments: Brontosaurus, which is used 
exclusively for headspace analysis of aqueous samples, and Dragon, which is used for 
everything else. Each chromatograph is equipped with a 6’ polymer (Hayesep D) column 
and a 6’ 13X Molecular Sieve column for gas-separation. The Dragon GC has a second 
Hayesep D guard column which is used to trap solvent volatiles and prevent them from 
entering onto the separatory Hayesep D column.  
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SRI-GC Headspace Analysis: Valves 
 

Gas separation and detection is made possible by the precisely-timed turning of two 
valves, the details of which may be understood by referring to Figures A.8 and A.9. At the 
beginning of a run, both valves F and G are in the off (load) position. This means that the 
sample inlet and outlet ports are connected to the sample loop, but the sample loop is 
isolated from the gas separation columns and detectors. The gas sample is introduced 
into the sample loop, and then valve G turns to the on (inject) position, usually after 0.5 
min. This causes the contents of the sampling loop to be swept by carrier gas onto the 
gas separation columns and finally to the detectors. 
 
The Hayesep D and 13X MS chromatographic columns are used together to separate the 
majority of small molecule gases generated during proton- or CO2 reduction 
electrocatalysis. The Hayesep D column separates “heavier” gases such as CO2, C2H4, 
and C2H6, but not the “lighter” gases such as He, H2, CO, or CH4. Additionally, CO2, C2H4, 
and H2O vapor adsorb tightly to molecular sieves and have the potential to damage the 
separation ability of this column, therefore it is important that they are never introduced 
onto the 13X MS column. With these facts in mind, the general strategy for gas separation 
is to pass the sample (containing both light and heavy gases) first through a Hayesep D 
column to separate light from heavy, then allowing the light gases to continue onto the 
13X MS column. The heavy gases, still on the Hayesep D column, are paused for several 
minutes to allow the light gases to separate fully on the 13X MS column and reach the 
detectors. At this point, the 13X MS column is removed from the path of gas flow, and the 
heavy gases are permitted to finish eluting off the Hayesep D column to the detectors.  
 
On the Brontosaurus instrument, valves F and G are set to turn on together, such that the 
contents of the sampling loop flow onto the Hayesep D column in the direction of valve F 
port 4 to port 10 (see Fig. A.8). Once the fast-moving light gases exit the Hayesep D 
column, they flow back to valve G and enter the 13X MS column, where they are 
separated. Before the fastest-moving heavy gas (usually CO2) elutes off the Hayesep D 
column, the heavy gases are paused via a stop flow solenoid (Valve A). This valve, 
pictured in the top of Fig. A.8, causes back pressure of carrier gas to be applied to the 
Hayesep D column, thereby preventing gas elution. The gases on the 13X MS column 
finish separating and flow to the detector; when the last of these gases has been detected, 
the stop flow solenoid is turned off. At the same time, valve G is turned off (to the load 
position), thereby removing the 13X MS column from the flow path between the Hayesep 
D column and the detector. Consequently, the heavy gases elute off the Hayesep D 
directly to the detector and do not contaminate the 13X MS column. A unique feature of 
the Brontosaurus GC is its ability to “backflush” the Hayesep D column by reversing the 
direction of gas flow. After the last heavy gas of interest exits the Hayesep D column, 
valve F is turned off (to the load position). The direction of carrier gas flow is now reversed 
as a result of the valve turning: gas flows from valve F port 10 to port 4. The purpose of 
this reversal is to help push slow-moving volatiles (most notably water) back the way they 
came. This built-in cleansing step during each run helps to extend the column lifetimes 
between baking cycles. 
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The Dragon instrument is somewhat more complicated as it possesses a second guard 
Hayesep D column to trap solvent volatiles. This is necessary because the backflush 
cycles on the Brontosaurus GC do not adequately remove residual solvent, thereby 
causing a host of issues ranging from decreased separation ability and erratic elution 
times to column clogging/leaking. As shown in Fig. A.9, Dragon has two Hayesep D 
columns, where the one marked “1” is the guard column and the one marked “2” is the 
chromatographic column. At the initiation of a run, valve G turns to the on (inject) position, 
but valve F remains off. The contents of the sampling loop are carried toward valve F and 
onto the guard column. All gases of interest then elute off the guard column and onto the 
chromatographic Hayesep D column, followed by the 13X MS column for the light gases. 
Again, the elution of heavy gases may be paused by application of counter flow, this time 
using the stop flow EPC valve (which is controlled by a pressure method file rather than 
a valve turning event). When the last of the light gases has been detected, the stop flow 
feature is discontinued and valve G is turned off, disconnecting the 13X MS column from 
the flow path and allowing the heavy gases to elute off the Hayesep D column directly to 
the detectors. As long as valve F is off, the guard column remains in line of the gas flow. 
Consequently, valve F must remain off only long enough for the slowest-moving heavy 
gas to pass onto the chromatographic Hayesep D column but no longer, as slower-
moving solvent may bleed onto the chromatographic column. When valve F turns on, the 
guard column is removed from the analytical flow path and instead is flushed with carrier 
gas to vent. The method continues until the last of the heavy gases elutes from the 
chromatographic Hayesep D column and valve F turns back to off.  
 
SRI-GC Headspace Analysis: Detectors 
 

Each SRI-GC has two detectors, a thermal conductivity detector (TCD) and a flame 
ionization detector (FID). The TCD is a non-destructive detector that relies on differences 
in thermal conductivity between analyte and carrier gases (in this case, Ar). Helium and 
hydrogen have thermal conductivities roughly 10X that of argon; for this reason, the TCD 
is most sensitive to He and H2, and struggles to detect gases with thermal conductivities 
more similar to Ar. The FID is a destructive detector that relies on the generation of ions 
during combustion of analyte gas in a hydrogen flame. The FID is most sensitive to 
hydrocarbon analytes and does not ordinarily detect CO or CO2 (and obviously does not 
detect H2 or non-combustible analytes). However, the FID on this instrument is equipped 
with a methanizer, a bed of nickel catalyst that reduces CO and CO2 to methane, which 
is then detected with high sensitivity. The gain of the FID may be adjusted in order to 
accommodate a broad range of analyte concentrations. The switch is located near the 
FID (see Fig. A.10) and the default setting is “high”. 
 
A word about detector preservation and maintenance: The TCD contains heated metal 
filaments that are sensitive to air-induced oxidation in the absence of an inert carrier gas. 
For this reason, the TCD components must be constantly supplied with Ar. If the pressure 
of carrier gas falls below a given threshold (tank empty, pressure manually adjusted, etc.), 
the TCD will be temporarily turned off and a red protection light will illuminate on the front 
of the GC. While this safety feature is generally sufficient, it is wise to pay close attention 
to the gas supply and replace the carrier gas tank before it is empty (making sure the GC 
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is powered off before discontinuing gas flow). As mentioned above, the FID operates in 
conjunction with a methanizer (Ni catalyst). The nickel catalyst is easily poisoned by 
gaseous impurities that bind nickel tightly, most notably H2S. Therefore, if sulfides are 
present in the headspace, it is necessary to remove the FID from the path of the gas flow 
to protect the methanizer. On Brontosaurus, a three-way Swagelok ball valve has been 
installed between the TCD and the FID to make this process easier (Fig. A.10)—turn the 
valve 180˚ so the gas flow is vented after exiting the TCD. Periodically the nickel catalyst 
must be replaced if it has become poisoned. A simple way to diagnose this problem is to 
inject an equal concentration of CO and CH4; if the CO peak integral is significantly 
smaller than the CH4 peak integral, the methanizer catalyst must be replaced.  
 
SRI-GC Headspace Analysis: Event, Temperature, Pressure Files 
 
Each SRI-GC method is specified by a series of Event, Temperature, and in some cases, 
Pressure files. The files are accessed from the Channels window in PeakSimple. On the 
Brontosaurus instrument, only Event and Temperature files need be specified since the 
stopped flow solenoid is controlled by a valve. On the Dragon instrument, gas flow to the 
Hayesep D column is paused by application of a counter pressure gradient; for this 
reason, a Pressure file is also needed.  

Event files specify all valve turning events. A representative event file for a method on 
Brontosaurus is as follows: Valves F and G turn on at 0.5 min; stop-flow solenoid (valve 
A) is on at 3.2 min and off at 8.4 min, valve G returns to off at 8.4 min, and valve F returns 
to off at 16 min. A representative event file for a method on Dragon is as follows: Valve G 
turns on at 0.5 min and off at 14.5 min; valve F turns on at 20 min and off at 37 min. 
Changes to an existing method may be made by highlighting a line in the Events table 
and clicking “change”, or clicking the “add” button for a list of all possible new events. 

Temperature files dictate the column oven temperature profile for the duration of each 
run. Generally, the column oven begins just above room temperature (“cold” to achieve 
best separation of low-molecular weight gases) and ramps to higher temperatures, ending 
at 220˚C to bake the column and remove water vapor. The total time of the temperature 
file controls the total time of each GC run, and should generally be longer than the last 
event in the event file. A representative temperature file for the method described above 
on Brontosaurus is as follows: Hold at 35°C for 7.4 min, ramp to 60°C (40°C/min) followed 
by a hold for 6 min, and ramp to 220°C (40°C/min) followed by a hold for 3 min. A 
representative temperature file for the method described above on Dragon is as follows: 
Hold at 35°C for 12 min, ramp to 60°C (20°C/min) followed by a hold for 15 min, and ramp 
to 220°C (40°C/min) followed by a hold for 5 min. It is particularly important to note that 
temperature changes create artefact peaks in the TCD channel; for this reason, the 
temperature file must be adjusted as necessary so that no temperature changes are 
occurring during the elution of desired analytes.  

Finally, a pressure file is required for runs on Dragon. The pressure file specifies when 
the stop flow EPC counter pressure is applied/released to the Hayesep D column in order 
to pause the flow of the heavy gases while the light gases elute from the 13X MS column. 
A representative pressure file for the method described above is as follows: Initial 
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pressure 0 psi, hold for 6 min then ramp at 240 to a final pressure of 40 psi; hold for 8 
min, then ramp at -240 to a final pressure of 0 psi; hold for 22.7 min. 

 

SRI-GC Headspace Analysis: Gas Quantification and Determination of Faradaic 
Efficiency 
 
The volume of a gas generated over the course of a CPE experiment can be determined 
by comparing the GC peak integral of the analyte gas to a calibration curve of known 
amounts of standard. To correct for any inaccuracies with sample introduction into the 
GC, as well as leaking issues over the course of the CPE experiment, a gaseous internal 
standard must be used. In this way, a ratio of analyte peak integral to internal standard 
peak integral ultimately allows for accurate gas quantification. 
 
A new calibration curve should be generated any time a different CPE cell configuration, 
headspace volume, or volume of internal standard is used, or after a significant GC 
maintenance event. Construction of a calibration curve should be done by setting up the 
CPE cell as if for an experiment (sparging with the primary atmosphere of the CPE). To 
this sealed cell is injected, through the gas injection port, a known amount of the analyte 
gases and a constant amount of internal standard gas. The internal standard gas should 
be inert for the purposes of the CPE experiment and well-resolved from any other gases 
generated. It must also be well detected on the detector channel of choice: He, C2H4, or 
C2H6 are good for TCD, while C2H4 or C2H6 are good for FID. At least three GC samples 
should be prepared for the calibration curve.  
 
The curve is constructed by integrating analyte and internal standard GC peaks and 

calculating the 
∫ 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

∫ 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 and plotting vs. the volume of analyte injected. An 

example for the non-aqueous PEEK cell filled with 30 mL electrolyte and 0.5 mL C2H4 
internal standard is given in Table A.1 and Figure A.11. Note that C2H4 integrals should 
be taken from the same channel (TCD or FID) as the gas of interest. A best-fit line is 
drawn and the equation for this line determined, thus relating peak ratio and analyte 
volume. The volume of an analyte may thus be determined given an experimental peak 
ratio.   
 
Some pitfalls are worth noting so they may be avoided. Non-linear calibration curves are 
a sign that something has gone wrong either at the sample preparation stage or when 
determining peak integrals. Ensure round bottoms have been adequately sparged with 
each gas so the atmosphere is 100% pure. Ensure gas injection is not prevented by small 
bits of septum clogging the syringe needle (particularly with new septa). Ensure the cell 
is not leaking. Finally, check for accurate integration using the PeakSimple software: 
occasionally hydrogen peak integrals are miscalculated by the program due to their 
proximity to the injection discontinuity.  
 
The Faradaic efficiency for a gaseous product may be calculated using Equation 1, or 
equivalently, by taking the ratio of the volume of product generated to the volume 
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expected for the amount of charge passed (Equations 2 and 3). The Ideal Gas Law can 
be used to convert between moles and volume of gas; assumptions of ideality hold true 
within the margin of error.  

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(𝑚𝐿) =  
1000 𝑄𝑅𝑇

𝑛𝐹
                                                    (2) 

𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  
𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
                                                 (3) 

 
where n is the number of electrons required to convert one molecule of reactant to 
product, F is Faraday’s constant, Q is the total charge passed during the CPE experiment, 
R is the Gas Constant (0.082 L atm K-1 mol-1), and T is temperature (K). A pressure of 1 
atm is assumed. 
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SRI-GC Headspace Analysis: Troubleshooting/Maintenance 
 

Problem Likely Explanation Solution 
Poor peak resolution, especially 
between He/H2 or CO/CH4. Broad 
peaks. 

The separation ability of the 
columns has been altered due 
to H2O/CO2 adsorption.  

Run a bake sequence with N2 
injection, preferably overnight. 

Calibration curve is not linear. Incorrect amount of gas added 
to calibration sample; problem 
integrating GC trace. 

1. Manually confirm integration 
baseline, then try opening 
chromatogram in a separate 
channel and repeating 
integration.  
2. Prepare a new sample, take 
care that septum does not clog 
syringe needle. 

Peak integrations are much lower 
than expected for a sample 

Problem with sample 
introduction into the GC 
sampling loop, or cell is leaking. 

1. Check for appearance of gas 
bubbles from the gas sparge 
line when sample is opened to 
static vacuum. Absence may 
indicate improper 
vacuum/leaks in joints 
connecting vacuum to sampling 
loop.  
2. Pressurize cell with air and 
submerge under water to check 
for leaks. 

Something is wrong with peak 
integrations and neither of the 
above two solutions have helped. 

The GC may be leaking. On Brontosaurus, close the ball 
valve between the TCD and 
FID, then use the screwdriver 
and front panel buttons to 
increase the setpoint flow rate 
to 30 mL/min (std is 23 mL/min). 
Quickly change the setpoint 
flow rate to 0 mL/min and 
observe the pressure. Large 
pressure drops indicate a leak. 
Easiest way to locate the leak is 
to change carrier gas to He and 
employ a He sniffer. Similar 
procedure can be used for 
Dragon, but no ball valve is 
installed, so plug the TCD outlet 
line instead. Make sure to 
increase the flow rate back to 
standard before removing the 
plug/opening the valve! 

CO and CH4 peak integrals are 
different on FID channel despite 
injecting the same volume of each 
gas. 

Methanizer needs to be 
exchanged. 

See SRI-GC user manual for 
methanizer exchange 
procedure.  

Extra strange peaks are 
observed—what are they? 

An impurity, an artefact, or 
some volatile product. 

Are you using UHP-grade Ar 
and H2 for the GC? If not, 
switch. The TCD channel is 
prone to temp-induced 
artefacts; check the 
temperature/pressure files to 
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see whether a change is 
occurring during the elution 
time of the mystery peak. On 
Dragon, it is common to see two 
sets of O2/N2 peaks.  

The “TCD protect” light on the front 
panel is illuminated. 

Insufficient gas flow across the 
TCD; detector has been 
switched off to preserve 
filaments. 

Check that the carrier gas tank 
is full. If so, the setpoint flow 
rate may be set to zero; adjust 
to the default setting of 23 
mL/min. 
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Agilent Micro-GC Headspace Analysis: Overview 
 

The Agilent Micro-GC instrument is useful for direct injection of a sample (usually via 
syringe) or for batch injection, where it is desired to continue sampling the atmosphere 
above a reaction repeatedly. Compared to the SRI-GCs which feature two separatory 
columns and two detectors but only one gas path, the micro-GC features two separatory 
columns and two detectors (TCD only) at the end of each column, hence two distinct gas 
paths (Scheme A.1).  
 
Agilent Micro-GC Headspace Analysis: Running Samples 
 

The following sequence of instructions will walk you through how to use an Agilent 490 
Dual micro-GC for a standard sample injection.  
 

1. Check the status of the micro-GC: 

• If the blue “power” light is on and the green “ready” light is on, the micro-GC 
is ready for use. 

• If no lights are illuminated, open the Ar and He carrier gases and flip the 
switch below the injection port to “on”. Wait until the “ready” light becomes 
illuminated. 

• If the “run” light is blinking, a run is in progress. 

• If the red “error” light is illuminated, refer to the troubleshooting section. 
 

2. Open the Galaxie program: 

• A window will pop up; don't change anything, just press OK. 
 

3. Manually configure injection port: 
This micro-GC allows you a choice of two injection modes: 

 
Front injection: inject a sample via syringe through the septum port on the front of 
the instrument. This mode is standard. 

 
Rear injection: inject a sample through the tubing located at the rear of the 
instrument. This mode allows you to automatically inject the same sample multiple 
times to monitor gas evolution over time. The injected gas is returned to the main 
sample headspace through the outlet tubing.  

 

• Open the dark gray lid of the micro-GC and turn the ball valve inside to the 
injection mode you will use (Front vs. Rear).  
 

4. Check column status:  
 

• Begin by checking that the He and Ar carrier gases are set to 80 psi on the 
tank regulator.  

• Click on the “Systems” tab at the bottom of the Galaxie window, then click 
on the empty white square next to MICRO GC-1 in the upper left corner.  
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• The overview diagram displays actual/setpoint values for column pressure 
and temperature. Check that the temperature and pressure are set to the 
desired value; if they are not, load the desired method in the next step.  
 

5. Loading a method and running a blank:  
 
(Don't have a method? See Method Development) 
 

• To start a run using an existing method, click on the “Quick Start Run” icon 
on the upper toolbar, or press F8. Select the method name, then press OK.  

• The manual injector window will pop up. Enter a file prefix and change the 
run identifier if necessary (the first run will be a blank). Click Start to load 
the method parameters. If the current temperature and pressure values 
match the setpoints of the newly loaded method, the instrument will 
immediately display READY at the right and will begin a blank (air) injection. 
If not, the instrument will adjust temperature and/or pressure as necessary 
before beginning the blank injection. This may take several minutes.  

• A chromatogram is shown in real time as long as the “Status” box is checked 
in the panel on the left. Zoom in by clicking and dragging. 

• Check that the blank injection does not have peaks other than O2, N2, and 
carrier gas. Peak elution times depend on the method you're using. 

• If your blank looks OK, proceed to the next step to inject your sample. If 
there are extra peaks in your blank run, proceed to the next step but begin 
by injecting air until the blank is clean. 
 

6A.   Injecting a sample (Front injection mode): 
 

•  Begin in the same way as the first two bullet points for step 5, i.e. click the 
“quick start run” icon, select the method again, and enter a file prefix and 
run identifier. 

• Press Start. Gas sampling will begin after 7-8 seconds. Insert the needle 
into the port until you feel some resistence. Do not begin depressing the 
plunger at this time.  

• The beginning of gas sampling is indicated by a whirring noise. Once this 
begins, slowly depress the plunger of the syringe. Sampling continues for 
30 seconds, so try to inject the gas as evenly as possible over the 30 
seconds (Note: sampling time can be adjusted, so different methods may 
have slightly different times). For reference, the orange light on the front of 
the instrument blinks once per second.  

• The main window will display real-time data: the MS5A column data is 
shown in black while the PPQ column data is shown in red. You can remove 
the column status by clicking on the + sign next to MICRO GC-1 (upper left 
corner) and de-selecting “status”.  

• Runs are automatically saved in a folder with the current date. It's a good 
idea to record the date of each run for easy identification later. 

 



155 

6B.   Injecting a sample (Rear injection mode): 
 

First, create a run sequence: 
 

• Click on the “Data” tab at the bottom of the Galaxie window. 

• Click on File>Open>Open Sequence. Scroll all the way to the bottom, then 
select “mini cell test.SEQU”. 

•  A table of programmed runs will be displayed. Check or uncheck the 
“enabled” column to run or skip that line, respectively. Select the method 
you wish to run for each line, then fill in the RunName and RunID columns. 
Optionally, you may fill in the “Run time”, which allows the program to give 
you an estimated total time for the sequence. To add another run line, press 
the + button; to delete a line, highlight it and press the – button. 

• When running injections in sequence, the program will automatically move 
from one run to the next without a break. This means that unless you wish 
to run all samples in rapid succession, you must insert “pause” runs. A 
default pause method is titled “10minPause.METH” (this method keeps the 
column oven at 80C and the pressure at 20 PSI but does not inject a 
sample). Insert as many pauses in between actual runs as necessary. 

• Note: Some of the carrier gas will inevitably be introduced into your 
headspace after each injection is recycled. For this reason, it is essential 
that you use an internal standard, since absolute concentrations change 
with each injection. Additionally, I've found that results are only accurate for 
about 4-5 successive injections; after this time, treat results with caution. 

 
Next, prepare the cell for rear injection: 
 

• Attach the tubing labeled “INLET” to the GC sampling port on your cell. 
Leave the tubing labeled “OUTLET” disconnected for now.  

• Connect the sparging hose to a source of the desired headspace gas and 
begin gently sparging the solution. The port on the cell where the 
headspace will be returned after sampling should be open at this time. Allow 
the system to sparge for several minutes before proceeding. 

• Click on the “Systems” tab in the lower left of the screen, then run another 
single blank sample. The purpose of this blank sample is to purge the lines 
of any residual air. You should keep sparging during the duration of this run 
and afterwards. You should see the O2 and N2 peaks significantly diminish 
in height on the MS5A column, and the CO2 peak significantly increase on 
the PPQ column. 

• While still sparging, run a second blank sample. This time, during the 
sampling period attach the OUTLET tubing to the return port of the cell. This 
prevents any air from entering. Immediately after attaching the tubing, turn 
off the sparging gas. You'll be able to tell whether you set up your system 
well by looking at the resulting chromatogram; the only peak observed 
should be that for the sparging gas atmosphere. 
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Finally, begin the injection: 
 

• Inject the gaseous internal standard and begin running the CPE experiment.  

• Commence the sequence by clicking on the Data tab at the lower left of the 
screen. This should bring up the sequence you just edited in a prior step. 
Check to make sure it's all correct, then press the green button to start the 
sequence. You can toggle back to the Sequence tab to watch the scans in 
real time. 

 
7. Analyzing data: 

 

• Click on the “Data” tab at the bottom of the Galaxie window. 

• Click on File>Open>Open Chromatogram. Select the date your file was 
saved from the list on the left, then click on the run name to open. 
Sometimes, traces from the two columns will be displayed in overlay mode; 
to change, right click and go to view, then select stacked mode. 

• In order to integrate the chromatogram, you must click on the “results” 
subheader below the channel name. 

• The program automatically detects peaks and integrates them but these 
integrals are often incorrect. Delete these peaks by clicking on the “Delete 
Current Peak” icon in the top toolbar (it's the one with the mouse pointer 
and a red X). This will delete the peak that is highlighted in yellow in the 
table below the chromatograms. Continue until all peaks have been deleted. 

• Next, click on the “Add Peak Mode” icon in the top toolbar (it's the one with 
the mouse pointer and a red peak). A cursor should now appear when you 
hover over the spectrum you are integrating. Left click once on the left and 
once on the right of your desired peak. A new line will then be added to the 
results table, and your peak is identified by its elution time. The integral is 
displayed in the “Area” column of the table. 

 
Agilent Micro-GC Headspace Analysis: Method Development 
 

This section discusses parameters relevant to editing or creating a new method. 
 

1. Editing a method/checking method parameters: 
 

• Click on the Data tab in the lower left corner of the screen. Click on 
File>Open>Open Method. Scroll down and select the method you wish to 
edit/examine.  

• In the panel that appears in the lower left corner of the screen, click on 
“control”. This is where the method parameters are set. Work your way 
down the headers on the left side of the main window: 

o Data Aquisition:  
Run Time is the length of time your analysis will take, in sec. Max = 
600 sec. 
Sampling frequency should be left at 100 Hz. 
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o Injector: 
Injection time is typically set at 40 ms. This is what controls how much 
of your sample is actually introduced onto the column; if you're 
struggling with the detection limit for a particular gas, you may 
consider increasing this time. 

o Oven: 
This setting controls the oven temperature of the columns. The hotter 
the column, the faster gases will elute. If you're having trouble 
separating two gases with similar elution times, try cooling the 
column. If your gas is not showing up in the desired run time, try 
raising the temperature. Maximum temperature is 180˚C for both 
columns. No temperature ramping feature is available. 
***Heating the columns under insufficient carrier gas can damage 
them! Make sure there's always enough carrier gas if you decide to 
heat the columns! 

o Pressure: 
You can control the pressure settings for the two channels 
separately. Pressure ramping is available, if you desire (select 
Programmable mode and fill in the ramping rates). 

o Detector: 
The box next to each channel's detector must be checked in order 
for that detector to be turned on. For channel 1 (Ar carrier gas), make 
sure to check the “Invert Signal” box, otherwise the peaks will come 
out upside down.  
Keep the “TCD Temp. Limit Check” boxes checked (on), and the 
Detector sensitivity on “Auto”. 

o Miscellanious: 
Stabilization time is the time that the column temperature and 
pressure must meet setpoint values before injection will begin (I 
usually set this at 0). 
Sampling time is the length of time the instrument accepts sample 
(the “whirring noise”). Generally 30-40 seconds is sufficient.  
Backflush time is a value that must be experimentally determined  
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Agilent Micro-GC Headspace Analysis: Troubleshooting/Maintenance 
 

Problem Likely Explanation Solution 
The front of the instrument is 
flashing the red “error” light. 

GC is out of carrier gas. Check that both carrier gases 
read 80 psi on the second stage 
of the regulator. If not, shut 
down GC and replace tanks. 

GC needs to be shut down. --- Under the Systems tab, click 
“Quick Start Run” (or F8) and 
select SHUTDOWN.METH, 
then click start. Wait until temp 
of both columns is <40˚C, then 
close Galaxie and flip switch on 
GC front panel. 

The instrument takes forever to 
inject a sample. 

The column setpoint and actual 
temperatures may differ.  

Check the Status diagram 
under the Systems tab; if it does 
not read READY, the 
instrument is likely heating the 
columns. 

I don’t see the peaks I expect. GC may be incorrectly 
configured for the injection you 
are performing.  

Check that the valve inside the 
instrument is set to the correct 
injection mode (front vs. rear). 
Note: CO2 peak does not 
appear on the 5Å MS chanel. 

Peak separation is poor, peaks are 
broad. 

H2O and CO2 adsorbed on the 
columns have changed analyte 
affinity. 

Bake the columns by running 
BAKE.METH. 

Galaxie is frozen.  This happens frequently. Close 
the program (force quit if 
needed) but don’t turn off the 
micro-GC. 
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Figures and Schemes 
 

 

 
 

Figure A.1. Photographs of the glass two-compartment cell viewed from different angles. Important design 
features are (a) GC connection for headspace sampling, (b) line for gas sparging, (c) re-sealable septum 
for manual gas injection/sampling (d) electrical connection to reference electrode, (e) electrical connection 
to cathode, (f) working chamber with working electrode and silver/silver chloride reference electrode visible 
and (g) counter chamber with counter electrode visible.  
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Figure A.2. Photograph of the PEEK two-compartment cell. Important design features are A) main 
body/working electrode compartment, B) lid, C) quartz window covering, D1) counter electrode 
compartment, D2) counter electrode window covering, E) spacer for glass frit, F) working electrode 
feedthrough, G) non-aqueous reference electrode, H) counter electrode, I) gas injection port, J) gas 
sparging line, K) gas sampling line to GC, L) opening to counter electrode compartment.  
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Figure A.3. PEEK cell main body schematic showing top view (upper left), view to counter compartment 
(top right), and view to quartz window (bottom left).  
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Figure A.4. PEEK cell lid schematic showing top view (left) and side view (right). 
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Figure A.5. PEEK cell window covering schematic showing front view (left) and side view (right). 
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Figure A.6. PEEK cell counter compartment schematic showing counter window covering (top left), top 
view (top center), view to working compartment (top right), and side view (bottom left). 
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Figure A.7. Photograph of the glass one-compartment cell. Important design features are A) feedthrough 
and glassy carbon working electrode, B) Ag/AgCl working electrode and plug socket, C) counter electrode 
encased in a fritted compartment, D) internal gas sparging line, E) outlet for GC sampling, and F) covered 
septum port for gas injection. 
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Figure A.8. Valve configuration of GC Brontosaurus. Valve #1 is “G”, valve #2 is “F”. 

 
 
 
 
 



167 

 
 
 
Figure A.9. Valve configuration of GC Dragon. Valve #1 is “G”, valve #2 is “F”. 
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Figure A.10. Detector area on Brontosaurus showing TCD (silver box at the back), tubing leading from the 
TCD to the Swagelok ball valve, tubing leading from the ball valve to the FID, and the FID (center). The FID 
gain switch is located in the lower right corner of this image, with the default setting as “high”. 
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Amt H2 (mL) H2 int C2H4 int (TCD) H2/C2H4 

0 -- -- 0 

0.1 421 214.63 1.961515166 

0.2 855.56 239.33 3.57481302 

0.25 1109.92 241.63 4.593469354 

 

Amt CO (mL) CO int C2H4 int (FID) CO/C2H4 

0 -- -- 0 

0.1 21710.55 110835.62 0.19588062 

0.2 45058.27 124760.81 0.361157242 

0.25 55034.89 130188.66 0.422731826 

1 45018.79 35648.41 1.262855482 

 
Table A.1. Raw GC peak integrals and ratios for H2 and CO vs. ethylene for the non-aqueous PEEK cell. 
Specifications: 30 mL electrolyte in the working compartment, 0.5 mL C2H4 injected as internal standard, 
run on SRI-GC “Dragon”.  
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Figure A.11. A) Calibration curve for H2 using TCD detector and B) calibration curve for CO using FID 
detector. 
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Scheme A.1. Comparison between A) SRI-GC setup featuring two columns and two detectors in parallel 
and B) micro-GC setup featuring two columns and two detectors in series.  
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Appendix B: 

Air-Free Stopped-Flow IR Spectroscopy 
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Abstract 
 

This guide is written to aid in performing stopped-flow IR spectroscopy on air-
sensitive solutions. The setup used here is a Bruker Vertex 80 IR spectrometer and a 
Biologic SFM 4000 stopped-flow mixer apparatus.  
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Setup of Stopped-Flow Mixer, Spectrometer, and Cell 
 

Construction of the glovebag: To ensure air-free sample loading into the stopped-flow 

mixer, this mixer must first be encased in a plastic "glovebag". It can be homemade from 

a thick clear plastic bag in which a hand-sized hole is cut in the front near the desired 

syringes (Note: syringe reservoirs S1 and S2 have a volume capacity of ~ 10 mL, while 

S3 and S4 have a volume capacity of ~2 mL). The glovebag is then taped securely around 

the top of the umbilical leading to the spectrometer, and secured around the bottom as 

well as possible. An Ar hose inlet is taped to the inside of the bag to provide a constant 

high flow of inert gas for the duration of the experiment.  

Set up the IR sample chamber: The IR spectrometer sample chamber must also be 

custom modified to accept the flow cell of the stopped-flow apparatus. Configure the 

sample chamber with the liquid cell holder, but remove the blue liquid sample covering 

case. Carefully unscrew the magnetic sensor arm from the blue covering case and tape 

it in place near the upper left of the sample cavity, where the shutter sensor is located 

(this step is necessary to "trick" the spectrometer into thinking that an acceptable covering 

is in place so that the plastic shutters will open. Without this magnetic sensor, large artifact 

IR signals will appear in the collected spectra). Next, cut a suitably sized piece of clear 

plastic covering to fit over the entire sample compartment space and tape securely in 

place.  

Prepare detector and collect background: If fast scans are needed, use the liquid 

nitrogen-cooled detector (LN-MCT, internal position 2). Cool the detector by pouring liquid 

nitrogen into the detector port; use caution not to overflow the compartment. Turn up the 

N2 flow through the sample compartment and after several minutes, when fully purged of 

residual CO2 and water vapor, collect a background scan. This background scan must 

have all parameters set the same as your desired experimental scans--for this reason, 

it's important to always collect a fresh background if someone else may have changed 

the parameters. I prefer to collect a background of an empty compartment and then 

background subtract the solvent spectrum manually afterward as this helps identify 

possible contamination issues more easily. 

Assemble flow cell: Once the background has been collected, begin setting up the flow 

IR cell in the sample compartment. First, assemble the flow cell, consisting of two CaF2 

circular windows, a spacer of desired width (a 0.5 mm Teflon spacer works well; larger 

spacers help prevent cracking the windows during rapid mixing), and a black Kalrez o-

ring. It is challenging to screw the two sides of the cell together, and is helpful to get 

another pair of hands to help. Use extreme caution when tightening the screws, as it is 

very easy to break the CaF2 windows! It is wise to take apart this flow cell as infrequently 

as possible.  
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Place flow cell in sample chamber: Construct a stand (a broken glass box plus a few 

books works well) to hold the stopped-flow mixer at the appropriate height so that the flow 

cell can reach the sample holder inside the IR spectrometer. Cut a slit in the plastic 

covering over the sample compartment so the flow cell and umbilical can access the 

sample compartment. Place a test tube and rack (or other collection vessel) for liquid 

waste inside the sample compartment but out of the path of the IR beam, then place the 

waste tube in the vessel securely. Tape everything shut with electrical tape.  

Use of Stopped-Flow Mixer 
 

Flush stopped-flow system:  Ensure all syringes to be used are switched to the R 

position (valve on the stopped-flow mixer pointing up). Turn on the stopped-flow mixer 

base and open Bio-Kine software. Click the Syringes Manual Control icon (on the left 

panel of Bio-Kine). Calibrate the syringe chamber volumes by ensuring the plungers are 

completely raised: select the appropriate plunger on the stopped-flow base, then press 

the "up" button until the plunger is fully raised and a grinding noise can be heard. Click 

the red "reset" button in Bio-Kine corresponding to the syringe that was just calibrated to 

set its volume to 0. Repeat for all other syringes in use.  

Flush the syringes and lines with Ar gas multiple times to remove oxygen. This can be 

done by clicking the double down arrow button below each syringe reservoir while 

positioning the Ar inlet hose above the loading port of the syringe chamber, thereby filling 

the syringe barrel with Ar. Expel the gas by clicking the double up arrow button. Repeat 

at least three times for each syringe, ending on a filling cycle. Flip the syringe valves on 

the stopped-flow mixer to the C position (pointing down) and close the syringe loading 

window in Bio-Kine.  

Open the Mixing Sequence menu. Enter "1" for each syringe in use in the Mixing Ratio 

box. Select an appropriate mixing volume and mixing rate such that all boxes are green. 

The specifics don't matter at this step, since it is only a flush. When finished, click the 

Ready button. The Shot Control window will appear on the left panel, indicating the 

number of shots remaining (dictated by the volume available in each syringe and the 

mixing ratio). Press the play button to initiate a shot, repeat until no shots are remaining, 

and finally click End. Load the syringe barrels with Ar again and flush the lines as 

necessary.  

Once degassed with Ar, load the syringe barrels with dry/degassed solvent. Fill plastic 

syringes with solvent in a glovebox, then attach needles to the end of the syringe and 

stick into a septum. Quickly bring the solvent-filled syringes to the stopped-flow mixing 

glovebag and leave in the bag for several minutes under high Ar flow to purge any residual 

air. Remove the needle and quickly attach the syringe to the Luer fitting of the syringe 
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reservoir (do not use LuerLok syringes as they cannot make a proper seal with the 

Stopped-Flow mixer). Ensure the syringe valves are once again set to R. It helps to apply 

pressure to the plastic syringes when loading solvent into the syringe reservoirs. After the 

reservoir is filled, press the double up arrow button several times to expel solvent back 

into the syringe--this helps remove bubbles--then re-inject back into the reservoir. Flip the 

syringe valve to C. Purge the lines in the same way as described above, this time with 

blank solvent. Sometime before the last shot, collect a solvent background scan. Repeat 

this solvent flush as many times as necessary. Peek inside the sample compartment to 

make sure the flow cell is not leaking and that the waste receptacle is being filled properly-

-extensive leaks inside the sample compartment may cause equipment failure. 

Load sample solutions and set experimental parameters: Load samples in an 

identical fashion to the blank solvent as described above. Depending on the rate of the 

reaction being investigated, the stopped-flow mixer "dead time" may be important to take 

into account. This is the time (in ms) that the solutions are in contact but before they enter 

into the flow cell. Increasing the flow rate decreases the dead time, but be aware that high 

flow rates may break the IR cell windows or cause cavitation problems (where gaseous 

solvent bubbles are generated upon fast mixing). For reference, I have not gone above 2 

mL/min when using a 0.5 mm CaF2 cell. An estimate of the dead time is given in the 

Mixing Sequence tab in Bio-Kine and depends on the parameters specified.  

It is wise to check that sensitive reagents have not decomposed at the outset of the 

stopped-flow experiment. It is possible to inject only one solution at a time by changing 

the Mixing Ratio in the Mixing Sequence tab. Depending on the volume of each shot, it 

will require usually 2-4 shots before the contents of the flow cell contain the proper ratio 

of added solutions.  

 

Rapid Scan Time-Resolved Measurements 
 
Prior to initiating a rapid scan experiment, the scan parameters should be chosen 
(resolution, number of sample scans, wavenumber range to save data, aperture setting, 
detector, and scanner velocity) and a clean solvent background should be collected using 
the IR flow cell. These parameters may then be specified for the time-resolved IR 
measurement by clicking on the “Rapid Scan Time-Resolved Measurement” icon and the 
Advanced/Optics tab in the OPUS software.  
The timed sequence of measurements is specified by a .TRS file and may be edited under 
the “Method Editor” tab of the “Rapid Scan Time-Resolved Measurement” icon. An 
example method is presented in Fig. B.1, along with an annotated explanation of the 
method. The resulting IR data collected using this method will be derived from one 
stopped-flow shot (loop = 1) and consist of three timepoints (buffer = 3) spaced 10 
seconds apart (wait 10000) that are the average of 10 individual scans (measure = 10). 
Make sure to always check the signal (“Check Signal” tab) before data acquision—a good 



177 

signal amplitude is approximately 30,000. Use caution not to collect too many buffers 
(usually <9 is OK), since this may cause OPUS to freeze.  
 
Initiate data collection in the “Basic” tab by clicking on “Measure Sample”. OPUS will now 
wait for a signal from the stopped-flow mixer unit that is sent when a shot is initiated in 
the Shot Control window in Bio-Kine. When data collection is finished, open the .TRS file 
and export all buffers by highlighting them, right clicking, and clicking “export data”. A 
series of time-resolved difference spectra may then be plotted by dividing each buffer 
spectrum by the t=0 spectrum.  
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Figures and Schemes 

 

  
Figure B.1. Sample Rapid Scan method with annotated explanation.  
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Appendix C: 

Troubleshooting Electrochemical Experiments 
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If problems arise when doing electrochemical experiments, here are some suggestions: 

• Check the electrolyte: Is it a standard solvent (MeCN, DMF, water, etc.) with 

high dielectric constant? If not, try a quick CV in a standard solvent to see if that 

solves the problem. Did you for sure put electrolyte in the solvent? Is the solvent 

absolutely pure?  

• Check the iR compensation: Is it too high? (Usually, this results in strange 

patterns of dots, or undulating signals.) 

• Check the reference electrode: Is there a bubble next to the frit on the 

inside/outside? Is the inner tube filled with electrolyte, not just solvent? Is the Ag 

wire clean? Is the frit still OK (try a different RE, or switch out the frit)? Has the 

potential drifted considerably (compare to Fc standard for non-aqueous, or 

K3[Fe(CN)6] for aqueous)? 

• Check the working electrode: Is it freshly polished? Is it conductive from the 

GC disk all the way to the metal rod? Try a different WE. 

• Check the internal circuit of the potentiostat: In the CV experiment setup 

window (BASI potentiostat), click on "cell", then select "10K-ohm internal dummy 

cell". Run a CV, making sure to use the correct current window, and check that 

the response is linear, i.e. follows V=iR. If yes, the internal circuit is fine. 

• Check the potentiostat leads: Sometimes the leads get corroded if exposed to 

aqueous electrolytes or harsh acids/bases. Try switching leads from a different 

potentiostat that works first. If not possible, clip the working electrode lead to one 

side of a 10K-ohm resistor and the reference and counter leads to the other side. 

Run a CV, making sure to use the correct current window, and check that the 

response is linear (make sure you have selected "external cell lead" if you 

switched to the dummy cell above). If not, there is a problem with the leads.  

• Check the lab electrical circuit: Sometimes electrical issues on a particular 

circuit in lab can present as noise issues, causing the CV to be very scratchy or 

have strange discontinuities. Try moving the potentiostat and plugging it in to 

another electrical outlet that is on a different circuit.  

• Check for local vibrations: Turn off stir plates, pumps, etc. if repetitive 

undulations appear in scans. 

• Check for cell leaks (CPE): Pressurize the cell with air and submerge under 

water. Locate leaks based on where bubbles appear. Fix and repeat as 

necessary.  
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