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ABSTRACT 

  Improving our understanding of electrocatalytic transformations is envisioned to 

facilitate society’s implementation of technologies that achieve a net zero carbon footprint. 

Carbon dioxide is one of the most emitted greenhouse gases, and improvement in CO2 

capture technologies along with decreasing costs of renewable energy provide an opportunity 

to convert this species to value-added chemicals using electrochemical processes. Tuning 

homogeneous and heterogeneous electrocatalyst performance with well-defined molecular 

species can render systems more selective and active while also allowing us to readily predict 

variables crucial in achieving these transformations. This thesis investigates 1) molecular and 

polymeric species as electrode coatings for enhanced generation of carbon-coupled products 

and 2) discrete electrocatalyst active sites for formation CO2 reduction products at low 

overpotentials; generation of highly reduced liquid fuels is observed with molecular 

electrocatalysts supported on electrodes. 

Chapter I provides context and background to the contents of this thesis. 

  Chapter II discusses novel, polyaromatic molecular additives utilized for low pH CO2 

reduction on Cu electrodes. N-phenyl isoquinolinium triflate film facilitates high selectivity 

for C2+ products in 0.1 M H3PO4/KH2PO4, suggesting enhancement in CO2 mass transport 

rather than limiting proton carrier diffusion. Improvement in long-term stability and 

tolerance to lower pH compared to previous films is observed.  

  Chapter III reports on a series of polystyrene-based ionomers to probe the effect of 

local [K+] in the Cu electrode microenvironment on CO2R performance. Partial current 

density towards C2+ products (|jC2+|) increases monotonically with [K+] in ionomer, up to 225 

mA cm–2. Replacing K+ with [Me4N]+ lowers performance to the level of bare Cu, 



 xi 

highlighting the crucial role of K+ in improving C2+ product selectivity. Molecular 

dynamics simulations and partial pressure CO2 electrolysis experiments are consistent with 

enhanced CO2 mass transport due to K+ in the film. 

  Chapter IV discusses variation of ionomer/polymer structures to maximize CO2R 

performance. Incorporation of neutral comonomers bearing cross-linking units rich in 

biphenyl and terphenyl motifs result in high current densities (~270 mA cm–2) towards C2+ 

products with 82% Faradaic efficiency. The analogous neutral variants (i.e., those lacking 

the charged comonomer) show comparable |jC2+| to the K+-containing polymers, suggesting 

a non-innocent role of the aryl-rich polymers in boosting performance.  

  Chapter V presents novel four-coordinate, dicationic Co complexes supported on 

carbon nanotubes capable of generating MeOH from CO2. Electrolysis with CO also leads 

to formation of MeOH, suggesting a CO-bound complex to be a crucial intermediate in CO2R 

to MeOH. This work highlights rare examples of molecular systems facilitating multi-

electron electrochemical transformations to highly demanded commodity chemicals. 

  Chapter VI presents work on molecular electrocatalysts bearing novel polyaromatic 

ligands that lower the electrocatalytic potential (Ecat) of CO2R by ~310 mV compared to 

state-of-the-art complexes as determined via cyclic voltammetry. The extended π system 

motif is more proximal to the metal center relative to previously reported nanographene-

containing electrocatalysts. Well-defined characterization was obtained via single-crystal X-

ray diffraction in addition to solution-state techniques. Density functional theory calculations 

reveal significant ligand contributions in the frontier orbitals of relevant CO2R intermediates.  

  Chapter VII highlights a polycyclic aromatic hydrocarbon (PAH) bearing twelve edge 

nitrogen atoms. Spectroscopy, electrochemistry, and computational results suggest a 



 xii 

significant narrowing of the HOMO-LUMO gap compared to the N-free analogue owing 

to the electron-deficient extended π system imposed by the nitrogen dopants. Changes to 

absorption and emission spectra from titration of the PAH with metal salts suggest that 

coordination chemistry provides an additional degree of freedom towards tuning electronic 

structure. Dramatic changes from addition of trifluoromethanesulfonic acid suggest this 

material to be a possible pH sensor. This approach in judiciously tuning the band gap of bulk 

graphene materials via saturation of the nanographene edge sites with nitrogen atoms gives 

rise to a novel comound with intriguing electronic properties  

  Appendix A describes systematic attempts in demonstrating cascade electrocatalysis 

between molecular CO2-to-CO complexes and pyridinium film-modified Cu towards 

enhanced rates of C2+ products formation.  

  Appendix B provides results coupling electrodeposited imidazolium-derived films 

with pyridinium towards enhanced CO2R to C2+ on Cu. While promising performance is 

achieved, the difficulty in characterizing the films limits the tractability of these systems with 

respect to their impacts on the microenvironment. 

  Appendix C discusses developing coordination complexes of heteroatom containing 

polyaromatic hydrocarbons. Several examples characterized via X-ray crystallography are 

reported. 

  Appendix D shows CO2R data on K+ ionomer-coated Au. Elevation in |jCO| is 

demonstrated as a function of potassium content in the electrode-electrolyte interface 

provided by the film.  

  Appendix E discusses attempts to determine and CO2 uptake by K+ ionomers via solid 

state NMR spectroscopy. 
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Towards a net-zero carbon emissions landscape. Converting CO2 to value-added 

chemicals electrochemically using renewable energy is a potential avenue toward achieving 

a net-zero carbon economy.1,2 CO2 is envisioned to be an inexpensive source of carbon as a 

result of developing sequestration technologies.3 Electrocatalysts are well-suited for 

facilitating CO2 conversion to value-added chemicals in order to close the anthropogenic 

carbon cycle.4 Electrocatalysts offer much tractability over performance metrics including 

selectivity, efficiency, activity, and durability.5  Moreover, these systems provide an 

opportunity to drive commodity chemical production via renewable energy. 

Table 1. Commodity chemicals production and market size 

 Ethylene Ethanol Sulfuric 
acid 

Sodium 
hydroxide 

Propylene Nitrogen 

Total 
production 
2022 (Mt) 

214 45 260 70 85 117 

Market size 
(billions of 

USD) 
170 75 10 29 96 31 

 

Electrochemical CO2 reduction (CO2R) to commodity chemicals is an attractive 

pursuit as there remains several pressing scientific questions related to fundamental aspects 

of electrochemistry and reactivity involving molecular and materials-based electrocatalysts. 

In addition, several engineering challenges exist related to scalability.6 In order to render 

electrolyzers as attractive technologies, it is necessary to convert CO2 to globally demanded 

commodity chemicals at high activities to minimize energy input costs.7 Ethylene and 

ethanol are highly produced and demanded carbon-containing products (Table 1), serving as 

a precursor to plastics and additive in gasoline, respectively.8–10 Generation of commodity 
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chemicals with high selectively and activity using appropriate electrocatalyst platforms 

remains a leading challenge in the CO2R field. 

Tuning metallic electrocatalyst performance. Heterogeneous electrocatalysts can enact 

electrochemical transformations at high activities with exceptional durability.11–19 Product 

separation is more feasible compared to homogeneous systems.13,15,20 Cu is the only metallic 

electrode where value-added multi-carbon (C2+) products, including ethylene, ethanol, and 

1-propanol, and acetic acid are produced from electrochemical CO2R (Scheme 1).21 

However, Cu alone suffers from poor selectivity towards C2+ products owing to the 

significant generation of C1 products and hydrogen.21–23   

Scheme 1. Products detected from CO2R on Cu electrodes 

 

Other metallic electrodes (Ag, Au) are selective for generation of CO.24 There is much 

interest in boosting CO2R performance on Cu towards C2+ products such that these products 

are generated with greater Faradaic efficiencies (selectivity) and current density magnitudes 

(activity). Aspects that have been investigated to impact performance of Cu include mass 

transport,25 hydrodynamics,26 local electric field,27,28 and bulk electrode properties.29–31 Films 

have also emerged species that tune electrocatalyst performance. Organic coatings derived 

from molecular precursors such as pyridinium,32–36 ionic liquids,37–39 amines,40,41 and aryl 
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 4 

diazonium and iodonium species42 have shown promise. In situ electrodeposition of water-

soluble aryl pyridnium compounds to generate water-insoluble films boosted Faradaic 

efficiency for C2+ products (FEC2+) while attenuating FEH2; the partial current for H2 (|jH2|) 

decreased by 13-fold.35 |jC2+| was found to decrease by a factor of 1.5. Additional studies 

were performed to uncover the films’ impacts on proton carrier mass transport,32 alteration 

of Cu morphology,33 and the stability of CO2R intermediates.34 Recent work has 

demonstrated dramatic hydrogen evolution reaction (HER) suppression in low pH 

electrolyte;36 follow-up work is presented in Chapter II.  

While a complete understanding of the pyridinium-derived films’ impacts on CO2R 

performance remains elusive, proton mass transport is evidently the most consequential 

phenomenon with respect to pyridinium’s impact on the microenvironment.32 Moreover, 

current results suggest difficulty in judiciously designing films to obtain desired results. 

Several additional factors impacting performance exist that are not readily predicted by most 

film strategies; these include alkali cation effect, local CO2 concentration/mass transport, 

hydrophobicity, and local electric field.23,43–46 Polymers bearing charges (i.e., ionomers) have 

recently been implemented to boost CO2R performance on Cu attempting to control some of 

these aspects.47–49 It is of interest to study systems amenable to development of systematic 

structure-function relationships to more generally address the role factors governing CO2R 

performance.48 

Electrocatalysis with well-defined molecular complexes. Molecular 

electrocatalysis is advantageous for allowing precise electronic or steric modulation of 

active species to provide desired impacts on performance;12,50–64 such studies have 

provided insight into catalytic mechanisms facilitated by in situ spectroscopy.65 Molecular 
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CO2R electrocatalysts typically yield CO, a component of synthesis gas utilized in Fisher-

Tropsch chemistry.66–68 State of the art molecular systems perform CO2R at high turnover 

frequencies and low overpotentials (Figure 1).69 

	

Figure 1. Examples of molecular CO2R electrocatalysts. 

Previous work in electrocatalysis has utilized single-atom catalysts (SACs) 

demonstrating high selectivity at low overpotentials for CO2R, where the proposed active 

metal site is embedded in a heteroatom-doped graphene.70–74 Recent work has investigated 

well-defined nanographene molecules as model systems for SACs able to demonstrate high 

electrocatalytic performance.75–78 Modifications to the 2,2-bipyridine ligand in Lehn 

complexes with a polycyclic aromatic hydrocarbon (PAH) have been reported and are able 

to lower the potential for CO2R by up to 800 mV relative to the parent system (Figure 

2).75,77,78 However, there are few reports of discrete molecular systems where the 

polyaromatic moiety is proximal to the metal center, a way to further enhance 

communication between the ligand and the substrate binding site. Studies discussing this 

strategy have observed poor CO2R performance attributed to aggregation of the molecular 

complex.77 Incorporation of different heteroatoms in extended π system ligands for 
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electrocatalysis has been less explored but could provide an additional degree of freedom 

for tuning electrocatalytic performance. 

 

Figure 2. Extended π system ligands supporting Re for electrochemical CO2R. 

Metal phthalocyanine (Pc) complexes were studied as proposed model complexes for 

SACs.79 CoPc immobilized onto carbon nanotubes has demonstrated high CO2R current 

density for generating CO, comparable to metallic Ag and Au electrocatalysts.80,81 Recent 

work demonstrated high Faradaic efficiency to MeOH; CO2R products generated from more 

than two electrons are not typically observed from molecular electrocatalysis.82 CoPc is to 

date the only reported molecular complex that has facilitated electrochemical CO2 

conversion to MeOH. Investigating additional examples with ligand environments bearing 

greater modularity can inform on electronic properties necessary for optimal reactivity in 

generating MeOH. 

Heteroatom-containing polyaromatic hydrocarbons for novel electronic 

properties. Polycyclic aromatic hydrocarbons (PAHs) have attracted substantial interest in 
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the development of charge-carrying materials owing to their unique optical and electronic 

properties.83–88  

 

Figure 3. Examples of N- and N, B-containing polyaromatic hydrocarbons. 

Preparation from molecular precursors affords discrete nanographenes that are amenable to 

well-defined characterization via solution-state spectroscopy and X-ray crystallography.86,89 

Hexabenzocoronenes (HBCs) have received much attention due to high thermal stability and 

modular preparations.83,84,90,91 Facile tunability of electronic structure is of interest to 

ascertain the ability of nanographene molecules as candidate materials for organic 

electronics;85 strategies include incorporation of heteroatom dopants,92,93 functionalization 

with electron-withdrawing/donating substituents,86,94,95 and coordination to metal 

centers.75,96,97 Moreover, nitrogen-containing polyaromatics have displayed novel 

photophysical properties;88,92,96–98 maximization of nitrogen content could provide 

enhancement with respect to band gap tunability.71,88,99 Incorporation of nitrogen atoms 

allowed utilization of coordination chemistry to affect electronic structure.88,96,97 However, 

generation of these complexes on preparative scales with well-defined characterization has 

been elusive.92 
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POLYAROMATIC, PYRIDINIUM-DERIVED MOLECULAR FILMS 

FACILITATE HIGH SELECTIVITY TOWARDS C2+ PRODUCTS FROM CO2 

REDUCTION ON Cu ELECTRODES  
 
 
 
 
 
 
 
 
 
 
 

Some text and figures for this chapter possess material from: 

 

Nie, W.; Heim, G.P.; Watkins, N.B.; Agapie, T.; Peters, J.C. Angew. Chem. Int. 
Ed. 2023. 135. e202216102.  

Heim, G.P.; Nie, W.; Peters, J.C.; Agapie, T. Manuscript in preparation. 
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ABSTRACT: The film generated in situ from PyTolyl facilitates CO2R on metallic 

electrodes via suppression of the hydrogen evolution reaction (HER) and C1 product 

formation at neutral pH. A systematic increase in the partial current density, j, towards C2+ 

product formation is observed as the π system on the aryl group is more extended (from PyPh 

to PyAnthr) in 0.1 M KHCO3(aq). The ability of these materials to suppress HER renders 

them as organic coatings that can facilitate CO2R on Cu in pH = 2 electrolyte. N-phenyl 

isoquinolinium (IsqPh) film facilitates high selectivity for C2+ products (FEC2+ = 69%) in 

0.1 M H3PO4/KH2PO4(aq), suggesting enhancement in CO2 mass transport rather than 

attenuation in proton carrier diffusion. Improvement in long-term stability and tolerance to 

lower pH compared to previous films is observed. FEC2+ = 64% is obtained when j = -100 

mA cm–2 on Cu gas diffusion electrodes. These results highlight the ability to tune 

electrocatalyst performance via molecular films at low pH, leading to improved C2+ product 

selectivity and attenuated hydrogen evolution. 
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INTRODUCTION 
 

Electrocatalytic carbon dioxide reduction (CO2R) with Cu electrodes is a potential 

avenue towards preparation of multi-carbon (C2+) products with renewable energy towards 

creating a net-zero carbon economy.1–3 While substantial progress has been achieved in 

boosting the selectivity towards C2+ products in neutral and basic electrolytes,4–12 low CO2 

utilization is encountered due to carbonate formation in  high local pH 

microenvironment.13–16 Carbonate formation can be mitigated by performing CO2R in a 

low pH electrolyte.17  

CO2R in 1.0 M H3PO4(aq) on Cu gas diffusion electrodes (GDEs) was reported by 

Sinton, Sargent, and co-workers utilizing high potassium concentration ([K+] = 3 M) on 

ionomer-coated Cu, obtaining C2+ product Faradaic efficiency (FEC2+) of 48%.15 Koper and 

co-workers achieved ~99% FE for CO on roughened Au foil in pH = 3.18,19 Hu and co-

workers reported electrochemical CO2R to C2+ products (~36% FEC2+) on Cu GDE in 0.1 

M H2SO4(aq).20 

We recently reported CO2R at low pH with PyTolyl, where the FEC2+ exceeds 70% 

in pH = 2 H3PO4 ([K+] = 0.1 M, 15 mM PyTolyl).21 Rotating disk electrochemistry (RDE) 

experiments revealed proton carrier mass transport limitation facilitated hydrogen 

evolution reaction (HER) suppression and boosted selectivity for C2+ products. High FEC2+ 

was achieved at low current densities (|j| < 2 mA cm–2) and low cation concentration (0.1 

M K+).15 Optimization in CO2R performance as a function of molecular film structure was 

sought after in low pH electrolyte by preparing a series of polyaromatic, N-heterocycle 

molecular additives. 
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Herein is reported high selectivity on Cu electrodes imparted by IsqPh in acidic 

electrolyte, yielding FECO2R = 87% and FEC2+ = 69%. RDE and variable partial pressure 

CO2 studies suggest more facile CO2 mass transport rather than limited proton carrier 

diffusion as previously observed with PyTolyl. The IsqPh-modified Cu (Cu/IsqPh) is 

more tolerant in pH = 1 electrolyte and possesses greater stability over a 12-h electrolysis 

as measured by FEC2H4 over time. Electrolysis on Cu GDEs reveals an apparent record-

level selectivity for low pH CO2R on Cu with IsqPh (FEC2+ = 64%) at a current density (j) 

of –100 mA cm–2 at pH = 1. Our results highlight screening of molecular film precursors 

to optimize performance and selectivity in CO2R at low pH.22 Moreover, these organic 

film-modified electrodes can steer CO2R selectivity towards C2+ at high current densities 

independent of alkali metal cation concentration.15,23  

RESULTS AND DISCUSSION 

i) Examining effects of extended π system in 0.1 M KHCO3(aq) (pH = 6.8) 

 

Figure 1. Molecular additives bearing napthyl, anthracenyl, and isoquinolinium motifs 

alongside previously reported N-phenyl pyridinium triflate and N-(p-tolyl) pyridinium 

triflate. 
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Seeking to investigate systematic modifications to molecular additive/film 

structure to ascertain effects on electrochemical CO2R performance, a novel series of 

molecular additives were prepared bearing extended π systems on each the aryl and 

pyridinium side of the film precursors (Figure 1).  

The hypothesis is that more extended π systems relative to previously reported films 

would impart more robust coverage of the electrode, thereby limiting HER and enhancing 

CO2 reduction performance to C2+ products.24 In addition, prior work had suggested that 

bulky substituents on pyridinium (i.e., tert-butyl) relative to the interaction with Cu surface 

attenuate CO2R performance (Figure 2). N-(4-tert-butylphenyl)pyridinium chloride 

provided worse selectivity for C2+ products (34%) relative to N-(4-

methylphenyl)pyridinium chloride (80%).22 

 
 
Figure 2. Representation of flatter versus more bulky molecular films generated from in situ 

electrodeposition. 
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Figure 3. A. Faradaic efficiencies (FEs, columns) and current densities (white squares) from 

CO2R on Cu foil in the presence of N-heterocycle molecular additives (10 mM dissolved in 

0.1 M KHCO3(aq), pH = 6.8). Electrolysis was performed with 10 sccm CO2(g) via 

chronoamperometry; Eapplied = –1.1 V vs. RHE). B. Partial current densities (columns) of 

each product. 

CO2R was carried out in a divided H-cell in 0.1 M KHCO3(aq) (pH = 6.8) with 

polycrystalling Cu foil serving as the working electrode.22,25 A 10 mM solution of each 

additive was dissolved in the cathode electrolyte prior to electrolysis. At constant potential 

(Eapplied = –1.1 V vs. RHE), a systematic increase in magnitude of partial current for C2+ 

products (|jC2+|) is observed via increasing the length of the acene substituent, with 

PyAnthr displaying the largest |jC2+| (Figure 3). Notably, this material increases |jC2+| 
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relative to bare Cu, a rare observation for pyridinium-derived films.11,26 Faradaic 

efficiency for C2+ products (FEC2+) is improved  relative to bare Cu. Characterization of 

the film is achieved via dissolution in CD2Cl2 and submission for 1H NMR spectroscopy, 

suggesting coupling at the para position of the pyridinium to be the dominant pathway.22,26  

Notably, PyNap and IsqPh each elevate CO2R performance relative to PyPh while 

suppressing HER, suggesting that preparation of fused polyaromatics is a beneficial 

strategy. Given the success in suppressing HER in near-neutral pH electrolyte,11,22,26,27 we 

hypothesized that these film precursors would serve as good candidates for CO2R at low 

pH.15,21,28 

ii) Investigating films in low pH electrolyte 
 

Scheme 1. In-situ electrodeposition of phenyl isoquinolinium triflate (Isq-Ph). 

 

 
 

The scope of additives was expanded for low pH CO2R with compounds 

synthesized using methodologies reported in our previous work.22,26 Each additive was 

dissolved in CO2-saturated 0.1 M KH2PO4/H3PO4  to prepare a 10 mM solution in the 

catholyte. Electrolysis was performed with a polycrystalline Cu foil working electrode at 

constant potential Eapplied = –1.4 V vs. RHE for 35 minutes flowing 10 standard cubic 

centimeters per minute (sccm) CO2(g) (Figure 4). IsqPh provided the highest FEs for all 
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CO2R products, enabling FECO2R = 87% and FEC2+ = 69%, among the best CO2R 

selectivity reported in low pH electrolyte on Cu.15,17,20,21,29,30 HER is suppressed 65-fold 

(|jH2| = 0.28 mA cm–2) relative to bare Cu (|jH2| = 18 mA cm–2). Cu/IsqPh was submitted 

for electrolysis in catholyte with 0 mM IsqPh. The selectivity profile was unchanged while 

yielding a modestly larger |<j>| (3.0 vs. 1.9 mA cm–2), demonstrating that the 

electrodeposited film is crucial for the generation of CO2R products at low pH (Table 3). 

In situ electrodeposition of each molecular additive yields a corresponding film and 

increased FECO2R relative to bare Cu, highlighting an excellent strategy in boosting CO2R 

at low pH.  

	

Figure 4. Faradaic efficiencies (FEs, columns) and current densities (white squares) from 

CO2R on Cu foil in the presence of N-heterocycle molecular additives (10 mM dissolved 

in 0.1 M KH2PO4/H3PO4, pH = 2). Electrolysis was performed with 10 sccm CO2(g) via 

chronoamperometry; Eapplied = –1.4 V vs. RHE).  

Cu/IsqPh is rinsed with CD2Cl2 to dissolve the film and obtain an 1H NMR 

spectrum illustrating resonances between 6.0 and 7.5 ppm (Figure 5).  The spectrum is 

reproduced from reduction of IsqPh with 1 equivalent of cobaltocene in CH2Cl2.22 A major 
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species is obtained after precipitation of the crude mixture in 1,2-dimethoxyethane and 

extraction into benzene. Assignment of the NMR as the dimer 1 (Scheme 1) coupled at the 

3 position is consistent with previous 1H NMR spectra revealing exclusively ortho coupling 

for N-aryl pyridinium additives bearing para substituents.26  

 
 
Figure 5. 1H NMR spectra (400 MHz, CD2Cl2) of (top) 1 from 4.8-7.6 ppm and (bottom) 

from 5.0-5.5 ppm 

The peak at 5.27 ppm is assigned as the aliphatic alpha proton to the nitrogen and correlates 

with a multiplet at 7.0 ppm (Figure 20).11,26 PyPh and PyNap films are each assigned as 

para-coupled dimers based on 1H NMR analysis in CD2Cl2 (Figure 21),22,26 while the film of 
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p-(Isq)2-C6H4 yields an intractable mixture likely containing an oligomer similarly 

observed with the pyridinium analogue.26 

Further bulk electrolysis experiments were undertaken to assess the stability of the 

IsqPh film. Improved stability over a 12-h electrolysis was obtained compared to PyTolyl 

(Figure 6A). FEH2 surpasses FEC2H4 after 100 minutes with PyTolyl; the selectivity for H2 

is never greater than for C2H4 at any point in time in the case of IsqPh. To examine the 

tolerance of the IsqPh film in more acidic environment, a 10 mM solution was prepared in 

1.0 M H3PO4 (pH = 1), where [K+] = 0.1 M and submitted for electrolysis in which Eapplied 

= –1.45 V vs. RHE. CO2R products were observed (FECO2R = 41%, FEC2+ = 18%), while 

under the same conditions for Py-Tolyl FECO2R = 15% (Figure 7) with poor selectivity 

owing to the lack of film formation. The performance of IsqPh is further augmented in 1 

M H3PO4(aq) with greater [K+] in the electrolyte; jC2+ is increased by a factor of 2.5 with a 

10-fold increase in [K+] (Figure 2B).  

 

Figure 6. A) Faradaic efficiency for C2H4 (red) and Faradaic efficiency for H2 (grey) over 

12-h CO2 electrolysis in 0.1 M KH2PO4/H3PO4 for 10 mM Isq-Ph (solid lines) and 10 mM 

Py-Tolyl (dotted lines). B) Partial current densities from selectivity profiles in electrolytes 

of various pH values and [K+].  
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Figure 7. (top) Cu foil post-electrolysis with (left) 10 mM IsqPh and (right) 10 mM PyTolyl. 

35-minute chronoamperometry where Eapplied = –1.45 V vs. RHE in 0.1 M KCl(aq)/1 M 

H3PO4(aq). (bottom) Faradaic efficiencies and total current densities (white squares) from CA 

in various CO2-saturated electrolytes. All values represent means, and error bars represent 

standard deviations from three independent measurements. “pH = 2” electrolyte is KCl/0.1 

M H3PO4(aq); Eapplied = –1.4 V vs. RHE. “pH = 1” electrolyte is KCl/1 M H3PO4(aq); Eapplied = 

–1.45 V vs. RHE. 
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Figure 8. CVs of the Cu RDE with (A) IsqPh film and (B) the bare Cu in N2-saturated 0.1 

M KClO4 (pH ~ 2.1) with different rotating rates, scan rate: 50 mV/s; (C) Linear fitting of 

plateau currents vs. square root of rotating rates for the bare Cu RDE (black) and the Cu RDE 

with deposited film (orange) based on Levich equation.   

RDE experiments were undertaken to understand the effect of the IsqPh film on 

proton carrier mass transport.21,27 Proton carrier diffusion coefficients (DH+) were obtained 

from the Levich equation revealed by plotting plateau current (iplateau) vs. square root of 

rotation rate (w1/2) for each bare Cu and Cu/IsqPh. DH+ was not significantly lower in the 

presence of the film (DH+,Cu-IsqPh/DH+,Cu = 0.93), suggesting that proton carrier mass 

transport limitation does not facilitate HER suppression and thereby CO2R (Figure 8).31 

We previously showed that PyTolyl film attenuated the mass transport of proton carrier 

(DH+,Cu-PyTolyl/DH+,Cu = 0.77).21  
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Partial pressure CO2 (pCO2) studies were carried out with Cu/IsqPh to shed 

further light on the film’s role in enhancing CO2R at low pH. Decreasing pCO2 to 0.2 atm 

increases FEH2 (15% vs. 75%) and does not significantly change <j> (Figure 9). With 

Cu/Py-Tolyl, FEC2+ is sustained while |<j>| decreases as a function of pCO2 (Figure 24, 1.4 

vs. 0.6 mA cm–2).21 

	

Figure 9. A) FEs and total current densities with varying CO2 partial pressure. B) Log-log 

plot of |jC2+| vs. pCO2.  

Cu/PyTolyl can uphold high CO2R selectivity owing to the PyTolyl film’s ability 

in limiting proton mass transport while possibly maintaining a locally high CO2/H2O.21 

Since the IsqPh film does not substantially limit proton carrier mass transport, HER is the 

dominant reaction due to the lower local CO2 concentration at lower pCO2. However, 

Cu/IsqPh performs CO2R at higher |<j>| at 1 atm (1.9 vs. 1.4 mA cm–2), and jC2+ increases 

with pCO2 following a first-order relationship (Figure 9). These phenomena suggest that 

the film enhances CO2 mass transport.20,27  
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Figure 10. Absolute values of partial current densities for the additives presented in Figure 

4 (main text). Error bars represent standard deviations from three independent measurements.   

Low current densities (Figure 10, |jC2+| < 2 mA cm–2) can limit scalability of 

CO2R.9,32 Electrolysis on GDEs bearing high surface area Cu can lead to higher current 

densities.9,33,34 We previously reported CO2R on GDEs with electrodeposited pyridinium-

derived films in 1 M KHCO3(aq) as well as in our previous low pH work.21,26 

The film was electrodeposited onto the GDE (Cu/PTFE) from a 10 mM solution of 

additive in pH = 1 KCl/1.0 M H3PO4 electrolyte ([K+] = 3 M) and Eapplied = –1.45 V vs. 

RHE for 5 minutes. This electrode was submitted for chronopotentiometry (CP) at –100 

mA cm–2 in the same CO2-saturated pH = 1 electrolyte at –100 mA cm-2 for 35 minutes 

(Figure 11). IsqPh film on Cu GDE yields FEC2+ = 64% and FECO2R = 71%. No CO2R 

products are observed on bare Cu (FEH2 = 95%). The crucial role of the film is further 

emphasized by generation of C2+ despite |j| < 200 mA cm–2, highlighting an outstanding 

strategy for boosting selectivity at higher current densities independent of alkali cation 

concentration.15,18,19,23. The present findings at –100 mA cm–2 demonstrate that the 

electrodeposited films enable highly selective CO2R to C2+ products at low pH on Cu 

(Table 1).15,20 



 29 

	

Figure 11. FEs and average corrected potentials (white squares) of additive films on Cu 

GDEs after 35-min CO2R chronopotentiometry at –100 mA cm-2 in 3 M KCl/1 M H3PO4 

(pH = 1). CO2R Faradaic efficiencies from Aquivion on Cu GDE reported by Sinton, 

Sargent, et al. shown to the right of the dotted line.  

Table 1. Comparing selectivity profiles on Cu GDEs from literature  

Authors Electrode Electrolyte FEC2+ FECO2R  |j| (mA cm–2) 
 

This work 
Isq-Ph film-

modified 
Cu/PTFEa 

3 M KCl/1 M 
H3PO4 (pH = 

1) 
64% 71% 100  

Agapie, 
Peters, and co-

workers21 

Py-Tolyl film-
modified 
Cu/PTFE 

0.1 M K+/1 
M H3PO4, 1.5 
mM Py-Tolyl 

(pH = 1) 

55% 65% 50   

Sinton, 
Sargent, and 
co-workers15 

Aquivion 
deposited on 

Cu/PTFE 

3 M KCl/1 M 
H3PO4 (pH = 

1) 
~48%b ~55%b 1200  

Hu and co-
workers20 

Cu 
nanoparticles 
deposited on 
carbon paper 

0.8 M K2SO4 
/0.1 M H2SO4 

(pH = 1) 
~36%b ~55%b 550  

Wang, 
Sargent, and 
co-workers30 

6.2% Pd-
Cu/PTFE 

0.5 M K2SO4/ 
H2SO4 (pH = 

2) 
80% 84% 550  
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Creissen, 
Fontecave, 

and co-
workers17 

Cu 
nanoparticles 
spray-coated  

3 M KCl/0.05 
M H2SO4 (pH 

= 1.3) 
60% ~75%b 200  

 
a Cu/PTFE = Cu nanoparticles sputtered onto PTFE support 
b Data obtained from graphics in paper or supporting information. 

 
CONCLUSIONS 

High selectivity in CO2R to C2+ products in acidic electrolyte is reported, with the 

best result on Cu foil from IsqPh-derived film at FECO2R = 87% and FEC2+ = 69%, 

highlighting the broad scope of pyridinium- and isoquinolinium-derived films on Cu 

electrodes in achieving high selectivity towards CO2R at low pH. Outstanding HER 

suppression is also observed relative to bare Cu by a factor of 65. IsqPh improves longer-

term stability as well as greater tolerance in lower pH electrolyte. RDE and variable partial 

pressure CO2 electrolysis studies with IsqPh film suggest that the film does not 

substantially limit proton carrier diffusion but is likely facilitating CO2 mass transport. 

Molecular additives have led to improved performance at low pH on Cu GDEs at –100 mA 

cm–2. Our work highlights the utility of tuning electrocatalyst performance via a molecular 

approach leading to improved selectivity for chemical feedstocks.		
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EXPERIMENTAL 

Materials and Methods 

General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. Isoquinoline was 

dried by dissolving in diethyl ether and stirring in calcium hydride under inert atmosphere for 12 h 

and filtered over a pad of alumina. Diphenyl iodonium triflate, 1,4-bis(phenyliodonium)phenylene 

triflate, N-tolyl pyridinium triflate, N-phenyl pyridinium triflate, and N-phenyl isoquinolinium triflate, 

and 1-(2,4-dinitrophenyl)-pyridinium chloride were all prepared using reported procedures, and the 

13C and 1H NMR spectra are in agreement.26,35,36 Dichloromethane was dried by passing over activated 

alumina by the method of Grubbs37 and stored over 3 Å molecular sieves in a N2-filled glovebox.  

Copper foil (product number 266744, 99.999% Cu, 25 mm × 50 mm × 1 mm), phosphoric 

acid (85%, TraceSelect), potassium carbonate (99.995%), potassium hydroxide (semiconductor 

grade, 99.99% trace metals basis), and potassium chloride (99.999% trace metals basis) were 

purchased from Sigma Aldrich). The leakless Ag/AgCl reference electrode was purchased from 

Innovative Instruments. Platinum foil (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased from 

Alfa Aesar. Carbon rods (99.999% C) were purchased from Strem Chemicals. Perchloric acid (67-

72%, TraceSELECT, for trace analysis) was purchased from Fluka Analytical. Natural abundance 

CO2 (Research grade) was purchased from Airgas. Deuterium oxide (D 99.96%) and d6-

dimethylsulfoxide (D 99.8%) were purchased from Cambridge Isotope Laboratories. The 1H and 13C 

NMR spectra were recorded on a Bruker 400 MHz instrument with a prodigy broadband cryoprobe. 

Shifts were reported relative to the residual solvent peak. 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) 

or a Milli-Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 

MΩ·cm at 25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used 

to determine the pH of the electrolytes before experiments.  



 32 

 

Electrolyte Preparation. Potassium phosphate monobasic in phosphoric acid (KH2PO4/H3PO4, 0.1 

M) was prepared by mixing 0.1 M potassium hydroxide with 0.1 M phosphoric acid. The pH of the 

solution was adjusted to a value of 2 by adding 4 M H3PO4 dropwise.  

 

0.1 M KClO4 (pH = 2.2~2.5) electrolyte was prepared by combining 0.1 M HClO4 and 0.1 M KOH 

in aqueous solution, pH adjusted using concentrated HClO4. 

 

pH = 1 electrolyte solutions for GDE and Cu foil experiments were prepared by dissolving the 

appropriate amount of potassium chloride in 1.0 M H3PO4. All electrolytes were sparged with CO2(g) 

for at least 30 minutes prior to electrolysis. 

 

Potassium bicarbonate electrolyte (KHCO3(aq), 0.1 M) was prepared by sparging an aqueous solution 

of potassium carbonate (K2CO3(aq), 0.05 M) with CO2 for at least 1 hour prior to electrolysis. This 

process converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2. Potassium 

hydroxide electrolyte (0.1 M KOH) was prepared by dissolving solid potassium hydroxide into water 

and sparging for at least 30 minutes prior to electrolysis under CO2.  

 

Electrode Preparation 

Before each experiment, copper foil was polished to a mirror-like finish using diamond paste (3 µm, 

then 1 µm) followed by rinsing with water and drying with a stream of nitrogen gas. The copper foil 

was then electropolished using the following method: in an 85% phosphoric acid bath, +400 mA was 

applied to the Cu foil until a potential of +2.3 V versus carbon rod was reached, and this potential 

was held for 5 minutes. The foil was subsequently washed with nano-pure water and dried under a 
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stream of nitrogen gas. Platinum foil as the counter electrode was rinsed with water and flame-

annealed using a butane torch for 10 s. 

 

The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Cu onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Cu target (99.99%) at a sputtering rate of 1 Å s–1.  
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Synthetic Procedures 

Synthesis of N-(2-anthracenyl)-pyridinium chloride (PyAnthr) 

 

 

A microwave vial was charged with 2-aminoanthracene (500 mg, 3.49 mmol), 1-(2,4-dinitrophenyl)-

pyridinium chloride (394 mg, 1.39 mmol), ethanol (6 mL) and water (4 mL) and sealed under N2. 

The vial was submitted for microwave irradiation at 130 ºC for 35 minutes. The vial was allowed to 

cool to room temperature, and the volatiles were removed on a rotary evaporator. The crude solid was 

charged with water (4 x 30 mL) to extract the desired product and pumped down on a rotary 

evaporator. The amber solid was recrystallized from MeOH at –10ºC (Yield: 80%). 1H NMR (400 

MHz, D2O) d (ppm) = 9.25 (d, 1H, PyH), 9.01 (m, 2H, PyH), 8.83 (s, 2H, PyH), 8.5 (t, 1H, PyH), 

8.30 (s, 1H, ArH), 8.25 (t, 1H, ArH), 8.00 (m, 2H, ArH), 7.89 (br d, 2H, ArH).  Anal. Calcd (%) for 

C15H12ClN: C, 74.54; H, 5.00; N, 5.79. Found: C, 74.60; H, 4.87; N, 5.68 

 

 

 

 

 

 

 

NH2

N+

NO2

NO2

Cl–
N+

Cl–

60% v/v EtOH/H2O
µwave, 130ºC,  35 min
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Synthesis of N-(2-naphthyl)-pyridinium chloride (Py-Nap) 

 

A microwave vial was charged with 2-aminonaphthalene (500 mg, 3.49 mmol), 1-(2,4-

dinitrophenyl)-pyridinium chloride (394 mg, 1.39 mmol), ethanol (6 mL) and water (4 mL) and sealed 

under N2. The vial was submitted for microwave irradiation at 130 ºC for 35 minutes. The vial was 

allowed to cool to room temperature, and the volatiles were removed on a rotary evaporator. The 

crude solid was charged with water (4 x 30 mL) to extract the desired product and pumped down on 

a rotovap. The amber solid was recrystallized from MeOH at –10ºC (Yield: 80%). 1H NMR (400 

MHz, DMSO-d6) d (ppm) = 9.50 (d, 2H, PyH), 8.83 (t, 1H, PyH), 8.54 (s, 1H, ArH), 8.37 (t, 2H, 

PyH), 8.30 (d, 1H, ArH), 8.14 (2, br t, ArH), 8.00 (d, 1H, ArH), 7.77 (br d, 2H, ArH).  13C NMR (126 

MHz, DMSO-d6) d (ppm) = 146.66, 145.21, 140.16, 133.29, 132.31, 130.33, 128.72, 128.54, 128.19, 

128.12, 128.01, 124.30, 121.77. Anal. Calcd (%) for C15H12ClN: C, 74.54; H, 5.00; N, 5.79. Found: 

C, 74.60; H, 4.87; N, 5.68 
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Synthesis of 1,4-bis(phenyliodonium)phenylene triflate (p-(Isq)2-C6H4) 

 

In an N2-filled glovebox, an oven-dried Schlenk tube was charged with isoquinoline (820 mg, 6.3 

mmol), 1,4-bis(N-pyridinium)phenylene triflate, (2.0 g, 3.2 mmol), and copper(II) stearate (57 mg, 3 

mol%). Chlorobenzene (10 mL) was transferred via syringe under inert atmosphere on the Schlenk 

line, and the reaction was refluxed under nitrogen for 16 h. The volume of the solution was reduced 

to about 5 mL, and diethyl ether was added to form a brown precipitate, which was then filtered and 

washed with ether (3 x 10 mL). The crude solid was recrystallized from ethanol at –10 ºC to yield 

brown crystals (Yield: 50%). 1H NMR (400 MHz, DMSO-d6) d (ppm) = 10.39 (s, 2H, ArH), 9.07 (d, 

2H, ArH), 8.74 (d, 2H, ArH), 8.63 (d, 2H, ArH), 8.45 (d, 2H, ArH), 8.35 (t, 2H, ArH), 8.16 (t, 2H, 

ArH), 8.01 (d, 2H, ArH), 7.79 (d, 2H, ArH). 13C NMR (126 MHz, DMSO-d6) d (ppm) = 150.33, 

138.96, 137.71, 134.99, 134.76, 131.55, 131.25, 130.26, 127.31, 126.99, 125.73, 124.98. 19F NMR 

(471 MHz, DMSO-d6) d = 78.0 ppm. Anal. Calcd (%) for C26H18F6N2O6S2: C, 49.37; H, 2.87; N, 

4.43. Found: C, 49.46; H, 2.68; N, 4.03 

 

 

 

 

 

 

 

 

N+N+

–OTf

–OTf
I+I+

–OTf

–OTf

Ph

Ph N
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Procedure for homogeneous reduction of IsqPh  

 

The following is modified from a previously-reported procedure.22 In a N2-filled glovebox, a 

scintillation vial was charged with Isq-Ph (50 mg, 0.14 mmol) and suspended in dichloromethane. 

A solution of Cp2Co (26.6 mg, 0.14 mmol) was added to the suspension, resulting in a tan, 

homogeneous solution, which was allowed to stir for 10 minutes at room temperature. The volatiles 

were removed, and the crude material was rinsed with 1,2-dimethyoxyethane and dried under 

vacuum. The product was extracted with benzene and volatiles were removed on a rotovap to form 

a white solid (1). Yield: 25%. 1H NMR (400 MHz, CD2Cl2) d (ppm) = 7.22 (t, 4H, ArH), 7.15 (m, 

3H, ArH), 6.96 (br m, 7H, ArH), 6.74 (d, 4H, ArH), 6.36 (d, 2H, ArH), 6.27 (d, 4H, ArH), 5.27 (br 

m, 2H, benzylic H). 13C NMR (126 MHz, CD2Cl2) d (ppm) = 146.21, 129.72, 129.46, 129.05, 

128.77, 128.49, 128.27, 126.36, 123.69, 121.34, 117.06, 108.44, 59.27. HRMS (Field Desorption 

Mass Spectrometry) ([M]/2)+ C15H12N. Calcd. 206.09643; Found 206.09816. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N+
–OTf

2 2 Cp2Co

CH2Cl2, rt, 10 min N
N
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NMR Characterization  

 
Figure 12. 1H NMR spectrum (400 MHz, D2O) of N-(2-anthracenyl)-pyridinium chloride [Py-

Anthr]. 
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Figure 13. 1H NMR spectrum (400 MHz, DMSO-d6) of N-(2-naphthyl)-pyridinium chloride [Py-

Nap]. 

 
 

 
Figure 14. 13C NMR spectrum (126 MHz, DMSO-d6) of N-(2-naphthyl)-pyridinium chloride [Py-

Nap]. 
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Figure 15. 1H NMR spectrum (400 MHz, DMSO-d6) of 1,4-bis(phenyliodonium)phenylene triflate 

[p-(Isq)2-C6H4]. 

 
 
 
 

 
Figure 16. 13C NMR spectrum (126 MHz, DMSO-d6) of 1,4-bis(phenyliodonium)phenylene 

triflate [p-(Isq)2-C6H4]. 
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Figure 17. 19F NMR spectrum (471 MHz, DMSO-d6) of 1,4-bis(phenyliodonium)phenylene triflate 

(p-(Isq)2-C6H4). 

Figure 18. 13C NMR spectrum (126 MHz, CD2Cl2) of 1.  
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Figure 19. 1H NMR spectra (400 MHz, CD2Cl2) of (top) IsqPh film post-catalysis after dissolving 

from Cu electrode, (middle) the crude material after reduction with 1 equivalent of cobaltocene, and 

(bottom) 1 after purification.  
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Figure 20. 1H COSY (CD2Cl2) spectrum of 1.  
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Figure 21. a) 1H NMR spectra (400 MHz, CD2Cl2) of films post-catalysis and proposed structures. 

Films were generated on the Cu electrode in situ via chronoamperometry at –1.4 V vs. RHE for 35 

minutes in CO2-saturated 0.1 M KH2PO4/H3PO4. The 1H NMR of the film of p-(Isq)2(C6H4) is 

provided in the bottom spectrum, but its intractable nature complicated analysis. 
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Electrochemistry 

Electrochemical Measurements in the Flow Cell 

Chronoamperometry measurements were carried out in a custom-made PEEK flow cell setup similar 

to the one reported by Ager and co-workers using a copper foil as the working electrode and a 

platinum foil as the counter electrode.25 The cathode compartment was separated from the anode 

compartment by a Selemion AMV anion-exchange membrane (AGC Engineering Co.). All potentials 

were measured versus a leakless Ag/AgCl reference electrode (Innovative Instruments) with an outer 

diameter of 5 mm that was inserted into the cathode compartment. The reference electrode was 

calibrated against H+/H2 on Pt in a 0.5 M sulfuric acid solution (0 V vs. standard hydrogen electrode) 

and saturated calomel electrode (SCE) (+0.241 V saturated vs. standard hydrogen electrode). All 

electrochemical measurements were carried out using a Biologic VMP3 multichannel potentiostat. 

The applied potentials were converted to the reversible hydrogen electrode (RHE) scale with iR 

correction through the following equation: 

 

Ecorrected (vs. RHE) = Eapplied (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + (0.15) iR         (1) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

electrochemical impedance spectroscopy (EIS) in the frequency range of 105 – 0.1 Hz with an 

amplitude of 10 mV. 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to each electrolysis experiment to determine the Ohmic resistance of the flow cell. The impedance 

measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to measure the 

solution resistance. A Nyquist plot was plotted and in the low-frequency part, a linear fit was 

performed, and the axis intersection was calculated. The value of this intersection represents the 
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Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typically, resistance measurements ranged from 40 to 50 Ω.  

All chronoamperometric experiments were performed for 35 min at 25 °C using a CO2-saturated 

electrolyte of choice. In experiments where an additive was used, a 10 mM solution of the materials 

was prepared and injected into the cathode compartment. The same electrolyte was used in the anode 

without any additive. The potentiostat was set to compensate for 85 % of the Ohmic drop, with the 

remaining 15 % being compensated for after the measurements. The effluent gas stream coming from 

the flow cell (5 mL/min) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, 

SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A columns. 

Methane, ethylene, ethane, and carbon monoxide were detected by a methanizer-flame ionization 

detector (FID) and the hydrogen was detected by a thermal conductivity detector (TCD). Every 15 

minutes, 2 mL of gas was sampled to determine the concentration of gaseous products. After 

electrolysis, the liquid products in both catholytes and anolytes were quantified by both HPLC 

(Thermo Scientific Ultimate 3000) and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer). 

Electrochemical Measurements in the GDE Cell 

The CO2R measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronopotentiometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.26 The liquid-electrolyte flow cell consists of 

three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE electrode was 

sandwiched between CO2 gas chamber and catholyte chamber with an exposure area of 0.5 cm–2. 

Catholyte and anolyte chambers were separated by a cation-exchange membrane (Nafion 115, 

FuelCellStore). An Autolab PGSTAT204 in a potentiostatic mode was used as electrochemical 

workstation. The PTFE electrode, leakless Ag/AgCl electrode, and Pt mesh were employed as 

working, reference and counter electrodes, respectively. The applied potentials were converted to the 

reversible hydrogen electrode (RHE) scale with iR correction through the following equation: 
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Ecorrected (vs. RHE) = Eapplied (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR       (1) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

electrochemical impedance spectroscopy (EIS) in the frequency range of 105 – 0.1 Hz with an 

amplitude of 10 mV. The appropriate CO2-saturated electrolyte was used as both catholyte and 

anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with CO2 during the entire electrolysis process. The electrolyte 

flow rate was kept at 10 mL min–1. The flow rate of the CO2 gas flowing into the gas chamber was 

kept at 50 sccm by a digital mass flow controller. 

 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to and after each electrolysis experiment to determine the Ohmic resistance of the flow cell.38 The 

impedance measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to 

measure the solution resistance. A Nyquist plot was plotted and in the high-frequency part a linear fit 

was performed, and the axis intersection was calculated. The value of this intersection represents the 

Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typically, small resistances were measured, ranging from 4 to 7 Ω.  

 

All chronopotentiometric experiments were performed for 35 min at 25 °C using a CO2-saturated 

electrolyte of choice. Before each CO2 electrolysis experiment, the film was deposited via CA at –1.4 

V vs. RHE for 5 minutes with 10 mM [additive] flowing in the catholyte. The anolyte contained the 

same electrolyte composition absent of any additive. The catholyte was replaced with fresh electrolyte 

before the subsequent chronopotentiometry experiment. The entire Ohmic drop was compensated 

before and after the measurement. The effluent gas stream coming from the flow cell (5 mL/min) was 
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flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, in Multi Gas 5 

configuration) equipped with HayeSep D and Molsieve 5A columns. Methane, ethylene, ethane, and 

carbon monoxide were detected by a methanizer-flame ionization detector (FID) and the hydrogen 

was detected by a thermal conductivity detector (TCD). Every 15 minutes, 2 mL of gas was sampled 

to determine the concentration of gaseous products. After electrolysis, the liquid products in both 

catholytes and anolytes were quantified by both HPLC (Thermo Scientific Ultimate 3000) and 1H 

NMR spectroscopy (Bruker 400 MHz Spectrometer), the latter using 10% v/v D2O with DMSO and 

phenol and standards employing a water suppression technique described in our previous report.22,38 

For variable partial pressure CO2 (pCO2) experiments, the standard electrolyte mixture (0.1 M 

KH2PO4/H3PO4, pH = 2) and applied potential (–1.4 V vs. RHE) were used for each partial pressure. 

Argon was utilized as the balance gas such that the total flow rate was remained at 10 sccm. For 

example, in the case where pCO2 = 0.8 atm, the flow rate of CO2 was 8 sccm and that of Ar was 2 

sccm. 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

                                                                                                             !! = "#!
$%          (2) 

!#"&'( =	
)"#$%#*"#$%#&

+  .                    (3) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  

Error bars shown in all figures and tables represent standard deviations from at least three replicate 

measurements.  
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Rotating Disk Electrochemistry Experiments 

Rotation disk electrode experiments were done in a single-compartment cell using a Cu disc electrode, 

a carbon rod as a counter electrode, and a saturated calomel reference electrode using N2-saturated 

0.1 M KClO4 electrolyte (pH = 2.2). Copper disk electrodes were sonicated sequentially in 0.1 M 

HNO3, H2O, acetone, and H2O again for 3 min, then mechanically polished with 3 µm, and 0.1 µm 

diamond pastes, and finally sonicated in nanopure H2O for 5 minutes before use. The film was 

generated on the Cu disk first via chronoamperometry without rotation for 35 min at –1.4 V vs. RHE 

with 10 mM additive dissolved in 0.1 M KH2PO4/H3PO4 (pH = 2) under a blanket of CO2. This Cu 

disk was rinsed with water and dried under a stream of N2. Cyclic voltammograms were collected at 

different rotation rates (400 rpm, 800 rpm, 1200 rpm, 1600 rpm and 2500 rpm). Potentials were 

scanned cathodically (0 V to –1.8 V vs. RHE). For each electrode, iplateau was plotted versus square 

root of rotation rate (ω1/2, [rad s–1]1/2), and the diffusion coefficient was determined via the Levich 

equation:31  

 

-"-./0.1 = 0.62+!232/4456/7566/2 (4) 

 

where n is the number of electrons transferred, F is Faraday’s constant, A is the electrode area (cm2), 

D is the diffusion coefficient (cm2 s-1), v is the scan rate (cm2 s-1), C is the analyte concentration (mol 

cm-3), and 6 is the angular rotation rate (rad s-1). 
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SUPPLEMENTARY FIGURES/DATA 

Table 2. Selectivity profile from CO2R on Cu foil modified by various cationic N-heterocycle 
molecular additives. 35-minute chronoamperometry (CA) with 10 mM [additive] dissolved in 
CO2-saturated 0.1 M KH2PO4/H3PO4 in catholyte. Eapplied = –1.4 V vs. RHE.  
 

Additive 

     Faradaic 
Efficiency 

(%)a 

 
 

j 
(mA
/cm2

)a 

Ecorr (V 
vs. 

RHE) 
H2 CO HCOOH CH4 

 
C2H4 C2H5OH C3H7OH FEC2+ CO2R 

FE Total  

No 
additve -1.31 

99.0 
+ 

0.1 

0.1 + 
0.1 1.1 + 0.3 0.0  0.0 0.0 0.0 0.0 1.2 + 0.2 100 + 

0.2 
–18 
+ 1 

Py-Tolyl -1.40 20 + 
6 

1.0 + 
0.1 5.0 + 0.9 2 + 

1  22 + 
3 28 + 4 3 + 1 55 + 

2 59 + 5 89 + 
6 

–1.4 
+ 0.2 

p-
(Isq)2(C6H

4) 
-1.40 19 + 

3 
1.2 + 
0.1 10 + 1 3 + 

3  34 + 
5 19 + 5 7+ 2 60 + 

7 74 + 8 92 + 
8 

–2.8 
+ 0.6 

Isq-Ph -1.40 15 + 
5 3 + 2 16 + 5 0.0  40 + 

3  23 + 4 7 + 1 69 + 
5 87 + 7 103 + 

5 

–
1.86 

+ 
0.03 

Py-Ph -1.41 37 + 
3 

0.8 + 
0.6 7 + 3 0.0  23 + 

5 23 + 2 0.0 46 + 
5 55 + 8 92 + 

7 
–1.0 
+ 0.1 

Py-Nap -1.40 50 + 
3 

1.8 + 
0.1 8 + 0.3 2 + 

1  17 + 
2 20 + 1 0.0 37 + 

2 48 + 3 98.8 
+ 0.2 

–1.5 
+ 0.3 

a Reported values are averages and standard deviations from three independent measurements. 

 
 
Table 3. Selectivity profile from CO2R on Cu foil modified by IsqPh film with and without 
dissolved additive. 35-minute chronoamperometry (CA) in CO2-saturated 0.1 M 
KH2PO4/H3PO4 in catholyte. Eapplied = –1.4 V vs. RHE.  
 

Additive 

     Faradaic 
Efficiency (%)a 

 
 

j 
(mA/
cm2)a 

Ecorrected 
(V vs. 
RHE) 

H2 CO HCOOH CH4 
 

C2H4 C2H5OH C3H7OH FEC2+ CO2R 
FE Total  

10 mM 
IsqPh -1.40 15 + 

5 
3 + 
2 16 + 5 0.0  40 + 3 3 23 + 4 7 + 1 69 + 

5 87 + 7 103 + 5 
–1.86 

+ 
0.03 

0 mM 
IsqPh; 
Film on 

electrode 
-1.40 16 + 

2 

0.7 
+ 

0.1 
8 + 3 

0.3 
+ 

0.1 
 44 + 3 20 + 3 5 + 1 69 + 

5 78 + 5 95 + 6 –3.0 
+ 0.3 

a Reported values are averages and standard deviations from three independent measurements 
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Table 4. Selectivity profile from CO2R on Cu GDE. 35-minute chronopotentiometry (CP) 
with film-modified GDE in CO2-saturated 3 M KCl/ 1 M H3PO4 (pH = 1.1) in catholyte. j = –
100 mA cm-2. 

Additive 

    
Faradaic Efficiency (%)a 

  
 

Ecorrected 
(V vs. 
RHE)a 

H2 CO HCOOH CH4  C2H4 C2H5OH C3H7OH CH3COOH C2+ CO2R 
Products Total  

No 
additve 91 + 1 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 91 + 

1 
–0.9 + 

0.1 

Py-Tolyl 50 + 2 0.5 + 
0.1 6 + 2 6 + 1  16 + 2 12 + 2 0.0 5.0 + 0.6 33 + 

3 46 + 3 96 + 
4 

–1.7 + 
0.2 

p-
(Isq)2(C6H4) 46 + 6 0.4 + 

0.2 2.6 + 0.3 7 + 2  10 + 2 2.6 + 0.3 2.0 + 
0.1 1.4 + 0.5 19 + 

3 27 + 9 75 + 
7 

–1.9 + 
0.2 

Isq-Ph 19 + 4 0.8 + 
0.1 

4.82 + 
0.03 0.0  41.1 + 

0.5 14 + 2 5 + 4 3 + 1 64 + 
5 71 + 5 90 + 

6 
–1.56 + 

0.03 

Py-Ph 55.3 + 
0.4 

0.4 + 
0.2 3 + 1 3 + 2  5 + 2 5 + 2 2.0 + 

0.4 1.5 + 0.3 21 + 
5 24 + 6 80 + 

6 
–1.8 + 

0.2 

Py-Nap 49 + 2 
0.25 

+ 
0.01 

2.04 + 
0.01 3 + 1  18 + 1 14 + 2 3 + 2  2.3 + 0.4 34 + 

3 42 + 3 90 + 
4 

–1.68 + 
0.04 

a Reported values are averages and standard deviations from three independent measurements. 

 
 
Table 5. Selectivity profile from CO2R on Cu GDEs. 35-minute CP with film-modified GDE in 
CO2-saturated 3 M KCl/ 1 M H3PO4 (pH = 1.1) in catholyte. j = –200 mA cm-2.  
 

Additive 

    Faradaic Efficiency 
(%)a 

  
 

Ecorrected 
(V vs. 
RHE)a 

H2 CO HCOOH CH4  C2H4 C2H5OH C3H7OH CH3COOH C2+ CO2R 
FE Total  

No 
additve 

67 + 
1 

0.2 + 
0.1 0.7 + 0.2 0.6 + 

0.1  0.8 + 0.3 0.7 + 0.2 0.0 0.7 + 0.1 2.1 + 
0.2 

3.6 + 
0.3 71 + 1 

–2.4 
+ 

0.1 

Isq-Ph 55 + 
2 

0.3 + 
0.1 1.8 + 0.3 5.1 + 

0.2  4.1 + 0.5 3.8 + 0.2 1.1 + 
0.1 3.6 + 0.5 13.0 + 

0.1  
15.4 + 

0.5 70 + 2 
–2.2 

+ 
0.1 

a Reported values are averages and standard deviations from three independent measurements. 
 
 
Table 6. Selectivity profile from CO2R on Cu foil at p(CO2) = 0.2 atm in 0.1 M KHCO3, 10 mM 
in catholyte. Eapplied = –1.1 V vs. RHE  
 

Additive 

    Faradaic Efficiency 
(%)a 

  
 

j 
(mA/
cm2)a 

H2 CO HCOOH CH4  C2H4 C2H5OH C3H7OH CH3COOH C2+ CO2R 
FE Total  

No 
additve 77 + 2 0.2 + 

0.1 4 + 1 11 + 3  1.3 + 0.3 2.7 + 0.2 0.0 0.0 
4.0 
+ 

0.2 
19 + 3 96 + 4 –7.5 + 

0.5 

Isq-Ph 81 + 2 0.2 + 
0.1 1.3 + 0.3 0.4 + 

0.2  4 + 1 10 + 3 0.0 0.0 14 + 
2  16 + 2 97 + 2 –2.0 + 

0.1 
a Reported values are averages and standard deviations from three independent measurements 
 
 
 



 52 

 
Figure 22. Example chronoamperometry trace in flow cell for IsqPh. 
 
 

 
Figure 23. Example chronopotentiometry (CP) trace in GDE cell for IsqPh. 
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Figure 24. Partial current densities of C≥2 products (red), C1 products (blue), and hydrogen (grey) in 

different partial pressures of CO2.  

	

Figure 25. FEs and total current densities (white squares) with varying CO2 partial pressure in pH 

= 2 electrolyte (0.1 M KH2PO4/H3PO4), 10 mM Py-Tolyl and Eapplied = –1.4 V vs. RHE.  
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ABSTRACT: Ionomers have shown promise as organic coatings on Cu electrodes to 

increase the CO2 reduction (CO2R) selectivity towards multi-carbon (C2+) products. 

However, effects of systematic polymer structure modification on electrocatalytic 

performance have been seldom reported. Herein, we report on a series of polystyrene-based 

ionomers to probe the effect of local [K+] in the Cu electrode microenvironment on CO2R 

performance. Partial current density towards C2+ products (|jC2+|) increases with [K+] in 

ionomer, up to 225 mA cm–2. Replacing K+ with [Me4N]+ lowers performance to the level of 

bare Cu, highlighting the crucial role of K+ in improving C2+ product selectivity. Molecular 

dynamics simulations show that CO2 diffusivity increases with [K+], implicating CO2 

transport to the electrode as a potential mechanism for improved CO2R performance. Our 

results highlight the intersection of synthetic polymer chemistry and electrocatalysis as a 

promising strategy in electrode modification towards achieving high selectivity of value-

added chemicals. 
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INTRODUCTION 
 

Converting CO2 to value-added chemicals electrochemically using renewable 

energy is a potential avenue toward achieving a net-zero carbon economy.1 Cu is the only 

metallic electrode where multi-carbon (C2+) products, including C2H4, C2H5OH, and 

C3H7OH are produced from electrochemical CO2 reduction (CO2R).2 However, Cu alone 

suffers from poor selectivity towards C2+ products owing to the significant generation of 

C1 products and hydrogen.2–4  Coating Cu electrodes with organic films is a strategy for 

steering CO2R selectivity towards C2+ products. Organic coatings derived from molecular 

precursors such as pyridinium,5–9 ionic liquids,10–12 amines,13,14 and aryl diazonium and 

iodonium species15 have shown promise. Although the ease of precursor synthesis and in 

situ film generation are attractive features of general approach, the physical properties of 

the coating and electrocatalyst microenvironment, including local pH, CO2 concentration, 

hydrophobicity, and electric field strength, are not readily predicted.  

An alternative approach to organic films is provided by ionomers.16–23 For example, 

Bell and co-workers recently examined a combination of ionomers to control local pH and 

hydrophobicity to achieve high C2+ product selectivity on Cu.16 Also, Sargent and co-

workers have demonstrated high current density electrolysis with Nafion on Cu.17 These 

examples employing commercial polymers highlight the potential of this approach; 

however, a dearth of studies of the effects of systematic changes in ionomer structure on 

CO2R behavior limit fundamental understanding of the features crucial for electrochemical 

performance.21,23 Of note, Grubbs and co-workers synthesized and tested a library of 

ionomer coatings bearing imidazolium groups and observed high selectivity for C2+ 

products and low HER.21 Computations suggested that high local [CO2], as well as an 
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induced electric field effect from the positively charged functional groups, drove high 

selectivity towards C2+ products. Alkali cations were found to facilitate CO2R on metallic 

electrodes.19,24–28 Their presence  in the outer Helmholtz plane was hypothesized to 

suppress proton carrier mass transport and stabilize CO2R intermediates.19,28–30  

With the concentration of alkali metal cations established to affect CO2R, a 

systematic investigation of anionic polymers with alkali cations can provide a strategy to 

facilitate CO2R and possibly shed light on their impact on the electrode-electrolyte 

interface. Herein we report the impact of a series of polystyrene-based ionomer films for 

CO2R on Cu. A correlation is observed between the content of K+ in the ionomer and |jC2+|. 

The role of the ionomer has been probed experimentally and computationally.  

RESULTS AND DISCUSSION 

Ionomers displaying variable K+ content were prepared based on polystyrene using 

different ratios of 4-methoxystyrene and potassium (4-

styrenesulfonyl)(trifluoromethanesulfonyl)imide  (K-STFSI). A mixture of substituted 

styrene comonomers was treated with 10% azobisisobutyronitrile (AIBN) in MeCN and 

heated for 3 days at 70 oC (Figure 1A). Upon purification,31 the resulting polymers were 

characterized by 1H, 19F, and 13C NMR spectroscopy. The percent of charged comonomer 

incorporated was determined by 1H NMR by integrating the OCH3 peak for 4-

methoxyphenyl at 3.7 ppm versus the protons ortho to the sulfonate moiety, centered at 7.6 

ppm. Within this series in hand, copolymers were prepared with the content of the K-STFSI 

ranging from 0-37% (Figure 1B).  While polymers with a higher content of charged monomer 

were accessed synthetically, they were too soluble in the electrolyte solution (1 M 

KHCO3(aq)) to warrant further study as electrode coatings.  
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Figure 1. A. Ionomer synthesis. B. Series of prepared ionomers. C. Faradaic efficiency (FE, 

columns) and current density (white squares) for CO2R products on Cu/PTFE in the presence 

of ionomer films casted from solutions of 1-4. Electrolysis performed in 1 M KHCO3(aq) for 

30 minutes with Eapplied = –1.15 V vs. RHE. Corrected potentials (Ecorr) determined from 

measured (uncompensated) resistance are reported. D. Partial current densities for trials 

shown in panel C.  

The ionomer film impact on CO2R was studied in chronoamperometry experiments 

using a gas diffusion electrode (GDE),7  at Eapplied = –1.15 V vs. RHE (1 M KHCO3(aq)).  

The coated electrodes were prepared by drop casting stock solutions of ionomers in alcohol 

mixture (50% v/v EtOH/iPrOH) onto a Cu GDE, based on Cu sputtered onto PTFE 
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(Cu/PTFE). All electrolysis experiments were carried out in a flow cell designed 

specifically for GDEs.7,9 

Ionomers 2-4 each increased C2+ product selectivity compared to both bare Cu and 

Cu coated with 1 (Figure 1C). Analysis of the partial current densities reveals that |jC2+| 

increases as a function of K+ content in the ionomer (Figure 1D), where |jC2+| on Cu coated 

with 4 is greater (150 vs 34 mA cm–2) than bare Cu. The FE for C2+ products is improved 

(75%) using 4 relative to bare Cu (40%). These results suggest that the charged polymer 

does not act as physical barrier for the substrate. Rather, increased incorporation of K+ 

within the microenvironment provided by ionomers at the electrode surface facilitates CO2 

reduction to C2+ products. While electric field effects can augment local cation 

concentration,32–34 ICP-MS measurements suggest that differences between the local [K+] 

is established due to K+ content provided by the ionomer (Table 9). This effect is 

reminiscent of previous strategies for enhancing C2+ selectivity by increasing K+ 

concentration in the bulk electrolyte, up to 4 M; in the present approach, the K+ 

concentration is increased at the electrode-electrolyte interface via the ionomer.19,28,35 

CO2R performance was further optimized by increasing the ionomer 3 loading from 

4.5 µg to 13.5 µg, enabling FEC2+ = 82%, |jC2+| = 225 mA cm–2 (Figure 2). Notably, there 

appears to be no decrease of |jH2| (Figure 2) suggesting that the improved selectivity for 

CO2R is not solely a consequence of suppressed HER.5,8,9,16 There is likely insignificant 

local pH increase (vide infra).16 Greater loadings of 4 were also attempted, leading to 

similarly high |jC2+| but also significantly greater |jH2| compared to 3 (Figure 8). 
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Figure 2. A. Partial current densities from chronoamperometry in 1 M KHCO3 at –1.16 V 

vs. RHE in the presence of Ar(g) comparing bare Cu/PTFE with 3-coated Cu. B. Partial 

current density for H2 for each ionomer-coated Cu from CO2(g) electrolysis in 1 M KHCO3. 

Eapplied = –1.15 V vs. RHE. 

Next, CO2R on a GDE catalyzed by Cu modified with organic films at high current 

densities (|jC2+| > 200 mA cm–2) was compared (Table 1 and Table 10). Focusing on anionic 

ionomers, Nafion 1100W tested under the CO2R conditions reported herein (Figure 1) 

provided 36% FEC2+ at a |jC2+| = 25 mA cm–2. In contrast, using ionomer 3 resulted in 82% 

FEC2+ at |jC2+| = 225 mA cm–2 (Figure 3). This result highlights the potential designer 

ionomers can offer to improve CO2R. For comparison, the best-in-class performance using 

Nafion-coated electrodes has been previously reported in highly basic, high [K+] conditions 

of 7 M KOH, resulting in FEC2+ = 79.5 %, |jC2+| at 1232 mA cm–2.7 Similar FEs are obtained 

with ionomer 3 in 1 M KHCO3(aq), despite the much lower [K+] in the electrolyte. 
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Figure 3. A. Faradaic efficiencies (FEs, columns) and current densities (white squares) and 

B. partial current densities from CO2R on 3-coated Cu at different loadings. C. Partial 

current density for hydrogen formation. Chronoamperometry performed in 1 M KHCO3 at 

–1.15 V vs. RHE. Ecorr represents potentials corrected after compensating for ohmic losses. 
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Table 1. Comparing CO2R performance between Cu electrodes coated with ionomer 

films. 

 
 

Authors Ionomer Electrolyte Ecorrected (V 
vs. RHE) FEC2+ |jC2+| (mA cm–2) FEH2 

This work 
3 1 M KHCO3 –0.96 82% 225 8% 

Nafion 
1100W 1 M KHCO3 –1.07 36% 25 25% 

Sinton, 
Sargent, and 
co-workers17 

Nafion 
1000W 7 M KOH  –0.91 79.5% 1232.3 6.8% 

Nafion 
1000W 7 M KOH –1.43  82.5% 420.8 13% 

Bell and co-
workers16 

Nafion 
1100W 

0.1 M 
CsHCO3 

–1.15 64% 6.5 12.1% 

Sinton, 
Sargent, and 
co-workers19 

Aquivion  3 M KCl/1 
M H3PO4  Not reported ~48% 576 35% 

Agapie, 
Peters, 

Sargent, and 
co-workers18 

Aquivion None 
(MEA) Not reported 45% 68 10% 

Zhuang, L., et 
al.23 QAPEEK None 

(MEA) Not reported 
73.4% 587 10.6% 

65.3% 653 16.4% 

	

To address the critical role of the K+ ionomer, CO2R was performed in the absence 

of any alkali metal. Previous work examining ionomers suggested a critical role of the 

anionic species in limiting hydroxide diffusion away from the microenvironment, thus 

facilitating C–C coupling.16,17 In addition, a bis(sulfonyl)imide anion was found to promote 

bulk CO2 solubility.36 Such a species alone could enhance local CO2 concentration in the 

ionomers leading to enhanced CO2R performance.21 Therefore, [Me4N]+ was introduced in 

both the ionomer and the electrolyte (1 M Me4NHCO3(aq), pH = 7.8). With 1 M 
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Me4NHCO3(aq), H2 was the exclusive product observed in each experiment, both with 

bare Cu and 3-coated Cu (Figure 4). Despite the consumption of proton carriers, we do not 

expect local pH to increase significantly at relatively low current densities (~–60 mA cm–

2),  as previously demonstrated.19,37 While CO2R was observed with N-aryl pyridinium 

films in the absence of alkali cations,9 the results with Me4N+ indicate that the ionomer 

coating alone is not sufficient to compensate for the previously reported detrimental effect 

of the absence of K+ in electrolyte.26,27  

	

Figure 4. Selectivity profile from CO2R on Cu/PTFE in the presence of ionomer film 3 (4.5 

µg) tested in various electrolyte solutions. Eapplied = –1.6 V vs. SHE. For 1 M KHCO3(aq) and 

1 M Me4NHCO3(aq), Eapplied = –1.15 V vs. RHE. For 1 M Me4NOH, Eapplied = –0.80 V vs. 

RHE.  
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Additionally, no improvement in CO2R selectivity was observed in the presence 

of 3 compared to bare Cu in 1 M Me4NOH(aq), pH = 14. These results underscore the 

importance of local K+ content in the electrode microenvironment in improving CO2R 

performance; the ionomer in the absence of K+ is insufficient. Moreover, a pH effect alone 

stemming from the ionomer accumulating hydroxide in the microenvironment is 

inconsistent with these observations. 

 
 

Figure 5. A. Faradaic efficiencies (FEs) and current densities (white squares) from CO2R on 

bare Cu/PTFE and 3-coated Cu comparing 0.1 M KHCO3(aq) and 1 M KHCO3(aq) 

Chronoamperometry performed in 1 M KHCO3(aq) at –1.15 V vs. RHE and 0.1 M KHCO3(aq) 

at –1.05 V vs. RHE. B. Partial current densities of each product. 
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The impact of K+ was also probed at lower concentration of electrolyte. High 

selectivity towards C2+ products was still observed in 0.1 M KHCO3(aq), albeit at lower 

current densities (Figure 5), further demonstrating that high [K+] in the electrolyte is not 

necessary to obtain good selectivity from K+ ionomer-modified electrodes. 

Varying the partial pressure of CO2 (PCO2) provides additional insight into the 

impact of the ionomer. On bare Cu, a non-linear relationship between PCO2 and |jC2+| is 

observed such that |jC2+| is greatest at 0.4 atm (Figure 6; see Figure 11 for FEs), consistent 

with previous observations.38–40 A rationalization of this phenomenon has pointed to 

surface saturation with *CO, thereby excluding *H and preventing formation of C2+ 

products.38,40  Another explanation has also been proposed:39  greater local CO2 

concentration lowers the local pH, thereby promoting HER. This behavior limits CO2R at 

higher PCO2. In the presence of 3 on Cu, however, a monotonic increase in |jC2+| as a function 

of PCO2 is observed, effectively overcoming the volcano relationship observed on 

unmodified Cu. A log-log plot of PCO2 and |jC2+| reveals a first-order relationship between 

C2+ product formation and CO2 in the presence of 3 (Figure 12), suggesting efficient mass 

transport through the ionomer film (vide infra).5,41,42 In our previous work with pyridinium-

derived films on Ag,5 the relationship between PCO2 and jCO2R was unchanged relative to 

bare Ag, suggesting no effect of the film on CO2 mass transport.  In the present work, the 

increase in |jC2+| with PCO2 in stark contrast to the relationship on bare Cu highlights the 

ionomers’ ability to enhance reactivity with CO2. While previous reports have suggested 

other possible effects of alkali cations, including increase in local pH16,19,28 and modulation 

of the local electric field,28,35,43 our data points towards an elevation of CO2 mass transport 

in the presence of the ionomer film. 
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Figure 6. Partial current densities from CO2R in the presence of the ionomer 3 (ionomer 

loading: 13.5 µg) tested in 1 M KHCO3(aq) at various CO2 partial pressures (Ar balance gas). 

Eapplied = -1.15 V vs. RHE. 

We employed molecular dynamics (MD) calculations examining thermodynamic 

and mass transport behavior of CO2 molecules in each polymer 1-4. From the Fourier 

transform of the velocity autocorrelation function, we calculated molecular entropies (S), 

Helmholtz free energies (Aq), and diffusion coefficients (D) via the 2-Phase 

Thermodynamics (2PT) method.44 This methodology was previously employed to 

understand CO transport with pyridinium-derived films.45 The calculations suggest that 

increasing the amount of charged monomer units in the polymer enhances CO2 mass 

transport within the bulk polymer environment. For instance, 2PT predicts that the CO2 

entropy increases from 1 to 4 (Table 2). 
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Table 2. Thermodynamic values computed from 2PT method 

Polymer 
Entropy 

(S, 
J/mol/K/

CO2) 

Helmholtz Free 
Energy (A, 

kJ/mol/K/CO2) 

 Diffusion 
coefficient 
(D, cm2/s) 

Total 
number 
of K+ a 

Total 
volume 

(Å3) 

Polymer 
volume 

(Å3) 

Open 
volume 

(Å3)b 

1 3.26 -0.95 3.6*10-6 0 2504 180.4 2324 

2  4.96 -2.09  2.6*10-5 16  2629 187.3 2442 

3 5.91 -3.22 1.07*10-4 32 2769 194.2 2575 

4 6.26 -3.58  1.6*10-4 48 2945 201.1 2744 

4-NMe4 3.73 -1.13 1.92*10-5 0 3267 201 3066 

4 (remove 
charges)c 3.33 -0.98 3.7*10-6 0 2451 180 2271 

 
a160 total monomeric units; one K+ per monomer; b(Open volume) = (Total volume) – 

(Polymer volume); cFrom the optimized structure of polymer 4, the charged comonomer 

units were removed and the structure and parameters recalculated. 

Table 3. Coordination of CO2 molecules to ionomers derived from simulations 

 

Polymer Average number of CO2 
molecules within 5 Å 

% CO2 molecules within 
5 Å of K+ 

2 1 6 

3  7 44 

4 9 56 

	

2PT predicts a decrease in CO2 free energy from 1 to 4. The enhanced CO2 

stabilization in 4, relative to 1-3, is related to the increase in favorable coulomb interactions 

between CO2 and nearby K+,21,46 which is a result of increased proportion  of K-STFSI 

comonomer. CO2 evidently possesses the most favorable mass transport in the polymer 

matrix created by 4, giving rise to the largest DCO2 among all of the polymers. The 
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correlation of DCO2 with K+ concentration trends with an increased |jC2+| observed in the 

CO2R experiments (Figure 1D). This suggests that improved CO2R is due to more facile 

mass transport of CO2 to the electrode. This agrees with previous claims that improved 

CO2 diffusion leads to higher performance CO2R towards C2+ products.21,24,47,48 Inspection 

of the simulation boxes provides insight as to how increasing the amount of charged 

monomer units may increase interactions with CO2 to improve mass transport (Figure 7B 

and Figure 8).  

	

Figure 7. A. Helmholtz free energy (A), and diffusion coefficient (D) for 1 through 4 

calculated from molecular dynamics calculations. A is normalized by the number of CO2 

molecules in the simulation box. B. Top view of simulation box (looking down polymer 

backbone) of 2 through 4. Atom color legend: gray: carbon; white: hydrogen; red: oxygen; 

green: fluorine; yellow: sulfur; purple: potassium 
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Specifically, as the concentration of K-STFSI is increased, we observe increased 

interactions between CO2 and K+. In polymer 2, only 6% of the CO2 molecules have a K+ 

within 5 Å, whereas in polymer 3, 44% do, and in polymer 4, 56% of the CO2 molecules 

interact with nearby K+ (Table 3).  

These interactions lower the energy of the CO2 molecule, shown by the decrease in 

Aq,CO2, effectively improving solubility in the ionomer. Despite lower Aq,CO2 with increasing 

K+ content, reaction with CO2 is not less favorable.49,50 Rather this gives rise to an enhanced 

local CO2 concentration at the ionomer film-electrode interface, providing a possible 

explanation for improved CO2R performance with increasing K+ in the ionomer film. The 

porosity of the ionomer correlates with the amount of K-STFSI in the polymer due to 

repulsion from like charges. Figure 4B illustrates a top view (looking down the polymer 

backbone) of 2 through 4, showing that 4 has the most substantial porosity derived from 

larger channels. To quantify porosity, we evaluated the open volume for polymers 1 through 

4, which is the total cell volume minus the volume occupied by the polymer backbone (see 

Computations in Supplemental Information for calculation details). At equilibrium, 

polymers 1 through 4 have open volumes of 2324, 2442, 2575, and 2744 Å3, respectively 

(Table 2). Hence polymer 1 has the lowest porosity while polymer 4 has the highest. CO2 

mass transport to the Cu surface is improved due to favorable interactions with K+, and 

greater K+ content leads to greater polymer porosity.16,21,24,51–53 
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Figure 8.  A. Computational model representing CO2 and K+ in polymers 2 through 4. The 

O–K distance cutoff is set to 5 Å.  

To further understand how cation identity affects CO2, K+ was replaced with 

[NMe4]+ in polymer 4 (Table 2). Despite increasing the polymer porosity in 4-NMe4 

relative to 4 (3066 vs. 2744 Å3), CO2 possesses a weakened interaction between CO2 and 

[Me4N]+ compared to K+, leading to less favorable mass transport and substantially less 

cation-induced stabilization. CO2 diffusion decreases for 4-NMe4 as Aq,CO2 is raised.  These 

calculations, in addition to the experimental results displaying lack of improved CO2R in 

the ionomer films devoid of K+, (Figure 4) demonstrate the crucial role of the alkali cation 

in driving CO2R performance.  

CONCLUSIONS 

In summary, we demonstrated a novel strategy for modulating local [K+] at the 

electrode-electrolyte interface via systematic variation of ionomer structure. We observed 

that |jC2+| trends with the amount of K+-containing comonomer, reaching |jC2+| = 225 mA 

cm-2 for the ionomer featuring the highest K+ content. Replacing the cation with [Me4N]+ 

eliminates any improvement in selectivity compared to bare Cu, highlighting the 

indispensable role of K+ in these polymers for enhanced CO2R. MD simulations suggest 
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that increased entropy, diffusivity, and lower free energy of CO2 in the polymer matrix 

facilitate CO2 reactivity at the electrode interface. The combined results from 

electrochemistry and MD simulations highlight a crucial effect of K+ within ionomers 2-4, 

in which the reaction of CO2R is favored due to enhanced mass transport and stabilization 

in the ionomer microenvironment. Finally, this study highlights a promising strategy for 

preparing film-modified electrodes for higher performance CO2R. 
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EXPERIMENTAL 

Materials and Methods 
 
General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. 4-Methoxystyrene 

was dried with CaH2 and filtered under inert atmosphere. K-STFSI was prepared based on a 

previously reported synthesis.54 Acetonitrile was dried by passing over activated alumina by the 

method of Grubbs55 and stored over 3 Å molecular sieves in a N2-filled glovebox. Nafion 1100W was 

purchased from Sigma-Aldrich (Product #274704, 5 wt% in 1-propanol/2-propanol). 

 
Copper nanoparticles, potassium carbonate (99.995%), trimethylammonium hydroxide 

(semiconductor grade, 99.99% trace metals basis), 4-methoxystyrene, and 1 M aqueous 

trimethylammonium bicarbonate solution (99%), isopropanol (HPLC grade), and ethanol (HPLC 

grade) were purchased from Sigma Aldrich. Polytetrafluoroethylene (PTFE) was purchased from 

McMaster-Carr. The leakless Ag/AgCl reference electrode was purchased from Innovative 

Instruments. Platinum mesh (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased from Alfa 

Aesar. CO2 (research grade) was purchased from Airgas. Deuterium oxide (D 99.96%) and CD3CN 

(99.9%) were purchased from Cambridge Isotope Laboratories. The 1H and 19F NMR spectra were 

recorded on a Bruker 400 MHz with broadband auto-tune OneProbe.  13C NMR spectra were recorded 

on a Bruker 400 MHz instrument with a prodigy broadband cryoprobe. Shifts were reported relative 

to the residual solvent peak. Inductively coupled plasma-mass spectrometry (ICP-MS) was performed 

on a Thermo Fisher Scientific iCAPTM RQ instrument. Each sample was digested/diluted by a factor 

of 10 with 2% v/v HNO3(aq). 

 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) or a Milli-

Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 MΩ·cm at 
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25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used to 

determine the pH of the electrolytes before experiments.  

 
Synthetic Procedures *Carried out by Meaghan A. Bruening 
 
Synthesis of Methoxystyrene Homopolymer: The reaction was conducted under an inert 

atmosphere.  Methoxystyrene (208 mg, 1.55 mmol, 1.0 equiv) was dissolved in MeCN (4 mL).  AIBN 

(26 mg, 0.1equiv) was added and rinsed with MeCN (1 mL).  The vial was sealed, removed from the 

glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by exposure to air.  The crude 

material concentrated, redissolved in THF, and precipitated into MeOH (100 mL).  The polymer was 

isolate as a fine white solid. Isolated yield: 108 mg. 1H NMR CD3CN: 7.0-6.5 (br., 4H), 3.71 (br., 

3H), 1.8-0.8 (br., multiple peaks, 3H) 

   

General Procedure for Copolymer Synthesis: The reaction was conducted under an inert 

atmosphere.  Methoxystyrene added to a 20-mL scintillation vial and dissolved in MeCN (2 mL) 

followed by addition of K-TFSI dissolved in MeCN (2 mL).  AIBN (0.1 equiv) was added and rinsed 

with MeCN (1 mL).  The vial was sealed, removed from the glovebox, and heated at 70oC for 3 days.  

The reaction was quenched by exposure to air.  The crude polymer was precipitated into Et2O (100 

mL) and filtered.  The precipitate was stirred with 20 mL of an aqueous solution of 1 M KHCO3 at 

90oC for a minimum of 30 minutes.  The mixture was filtered hot over a glass frit.  An additional 2 

washes with 1 M KHCO3(aq) were necessary for most purifications.  The solid material was extracted 

with MeCN, concentrated under reduced vacuum, redissolved in MeCN and filtered.  The filtrate was 

precipitated with Et2O (100 mL) and filtered.  The polymer was isolated as a fine white solid. 

 
 
Polymer 2: Methoxystyrene (189 mg, 1.416 mmol, 0.9 equiv), K-TFSI (50mg, 0.1416mmol, 

0.1equiv), AIBN (26mg, 0.157mmol, 0.1 equiv).  Isolated Yield: 146 mg 1H NMR CD3CN: 7.60, 

6.63, 3.72, 1.8-0.8. 19F NMR -79.22 
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Polymer 3: Methoxystyrene (456 mg, 3.40 mmol, 0.8 equiv), K-TFSI (300mg, 0.8499mmol, 0.2 

equiv), AIBN (69.8mg, 0.423mmol, 0.1equiv).  Isolated yield: 357 mg 1H NMR CD3CN: 7.63, 6.63, 

3.72, 1.8-0.8. 19F NMR -79.22 

 

Polymer 4: Methoxystyrene (399.2 mg, 2.97 mmol, 0.7 equiv), K-TFSI (450mg, 1.27mmol, 

0.3equiv), AIBN (69.8mg, 0.423mmol, 0.1equiv).  Isolated yield: 318 mg 1H NMR CD3CN: 7.60, 

6.63, 3.72, 1.8-0.8.  19F NMR -79.22 

 

All polymer representations here and in the main text express the ratio of the monomers as determined 

by 1H NMR spectroscopy. However, the comonomers are considered to be ordered randomly. 
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Electrochemistry 
 
Electrolyte Preparation 
 
Potassium bicarbonate electrolyte (1 M KHCO3(aq)) was prepared by sparging an aqueous solution of 

potassium carbonate (0.5 M K2CO3(aq)) with CO2 for at least 1 hour prior to electrolysis. This process 

converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2.  

 
Electrode Preparation 
 
The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Cu onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Cu target (99.99%) at a sputtering rate of 1 Å s–1.  

 
A 0.3 mg mL–1 stock solution of the ionomer was prepared in 50% v/v EtOH/iPrOH and sonicated 

for 30 minutes to ensure complete dissolution. For a standard loading, 15 µL were drop casted (4.5 

µg) onto a 2.5 cm2 electrode, ensuring complete coverage of the Cu nanoparticles, and allowed to dry 

under ambient conditions for 1 hour.  

 
To test Nafion 1100W, 60 µL of the stock solution (5 wt% in propanol mixture) was drop casted onto 

a 2.5 cm2 electrode to match the loading that was reported by Bell and co-workers.16 

 
For experiments involving Me4N+, 15 µL of the standard 0.3 mg mL–1 ionomer solution were drop 

casted onto Cu/PTFE, and the electrode was dried for 1 hour. The cell was assembled and 1 M 

Me4NHCO3(aq) (or 1 M Me4NOH(aq)) was circulated using a peristaltic pump at 10 mL min–1 with 30 

sccm CO2 flowing for 30 minutes. Before electrolysis under CO2, the electrolyte was replaced with 

fresh electrolyte. 
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Electrochemical Measurements in the GDE (Flow) Cell 
 
CO2R and COR measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronoamperometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.7 The liquid-electrolyte flow cell consists of 

three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE electrode was 

sandwiched between CO2 gas chamber and catholyte chamber with an exposure area of 0.5 cm–2. 

Catholyte and anolyte chambers were separated by a Selemion AMV anion-exchange membrane 

(AGC Engineering Co.). The reference electrode was calibrated against H+/H2 on Pt in a 0.5 M 

sulfuric acid solution (0 V vs. RHE) and saturated calomel electrode (SCE) (+0.241 V saturated vs. 

RHE).  An Autolab PGSTAT204 in a potentiostatic mode was used as electrochemical workstation. 

The PTFE electrode, leakless Ag/AgCl electrode (Innovative Instruments), and Pt mesh (rinsed with 

water and annealed with a butane torch) were employed as working, reference and counter electrodes, 

respectively. The applied potentials were converted to the reversible hydrogen electrode (RHE) scale 

with iR correction through the following equation: 

 

                     Ecorrected (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR.               (1) 

 

Eapplied in this report is the applied potential without iR compensation. In order to convert from 

potential vs. Ag/AgCl, we use the following relationship: 

 

            Eapplied (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210                        (2) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

potentioelectrochemical impedance spectroscopy (PEIS) in the frequency range of 105 – 0.1 Hz with 

an amplitude of 10 mV. The appropriate gas-saturated electrolyte was used as both catholyte and 
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anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with the desired gas during the entire electrolysis process. The 

electrolyte flow rate was kept at 10 mL min–1. The flow rate of the gas flowing into the gas chamber 

was kept at 30 sccm by a digital mass flow controller.  

 

Ohmic resistance values were determined with procedures described elsewhere56,57 and employed in 

our prior work7–9 PEIS measurements were carried out prior to and after each electrolysis experiment 

to determine the Ohmic resistance of the flow cell and ensure it is unchanged during the 

experiment.58,59 The impedance measurements were carried out at frequencies ranging from 200 kHz 

to 100 MHz. A Nyquist plot was obtained, and in the low-frequency region (containing a Warburg 

element) a line was plotted to determine the value of the intersection with the x-axis, representing the 

Ohmic resistance (Figure 10).56 An average of 3 measurements was taken to calculate the value of R. 

Typically, small resistances were measured, ranging from 4 to 7 Ω. The potentiostat was set to 

compensate for 85 % of the Ohmic drop, with the remaining 15 % being compensated for after the 

measurements.56,57 

 

All chronoamperometric experiments were performed for 30 min at 25 °C. Before each electrolysis 

experiment, the ionomer was drop casted onto a 2.5 cm2 Cu/PTFE electrode. The entire Ohmic drop 

was compensated before and after the measurement. The effluent gas stream coming from the cell 

(30 mL min–1) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, 

in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A columns. Methane, 

ethylene, ethane, and carbon monoxide were detected by a methanizer-flame ionization detector 

(FID) and the hydrogen was detected by a thermal conductivity detector (TCD). Every 15 minutes, 2 

mL of gas was sampled to determine the concentration of gaseous products. After electrolysis, the 
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liquid products in the catholytes were quantified by both HPLC (Thermo Scientific Ultimate 3000) 

and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer).  

 

For 1H NMR analysis, 630 µL of the electrolyte sample were combined with 30 µL of internal 

standard solution (10 mM DMSO and 50 mM phenol) and 70 µL of D2O. Water suppression was 

achieved with a presaturation sequence.8,59  

 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

 

!! = "#!
$%                   (3) 

 

!#"&'( =	
)"#$%#*"#$%#&

+  .                                                 (4) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  

 
Error bars shown in all figures and tables represent standard deviations from at least three replicate 

measurements.  

 
For variable partial pressure CO2(g) (PCO2) experiments, Ar(g) was utilized as the balance gas such that 

the total flow rate remained at 30 sccm. For example, in the case where pCO2 = 0.8 atm, the flow rate 

of CO2(g) was 24 sccm and that of Ar(g) was 6 sccm. 
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To compare local K+ between ionomers 2 and 4 each in the presence and absence of applied 

potential, extraction with 0.1 M LiHCO3(aq) was carried out34 to exchange K+ in the ionomer with Li+, 

as was carried out in the cation exchange experiments described above.   

 
No applied potential: 45 µL of each ionomer solution was drop casted onto a separate 2.5 cm2 

electrode. Each electrode was placed in a 1 mL solution of 0.1 M LiHCO3(aq) and stirred for 72 hours. 

The electrodes were rinsed with their extraction solution to ensure complete removal of K+. The 

solutions were submitted for ICP-MS. 

 
With applied potential: 45 µL of each ionomer solution was drop casted onto a separate 2.5 cm2 

electrode, and each was submitted for electrolysis in 1 M KHCO3(aq) with CO2(g) in the GDE cell for 

30 minutes. Each electrode was rinsed with 500 µL of nanopure water to remove excess K+ from the 

electrolyte. Each electrode was placed in a 1 mL solution of 0.1 M LiHCO3(aq) and stirred for 72 hours. 

The electrodes were rinsed with their extraction solution to ensure complete removal of K+. The 

solutions were submitted for ICP-MS. 

 
Computations *Carried out by Charles B. Musgrave III  
 
All molecular dynamics calculations were performed using the LAMMPS software package. The 

Universal Force Field (UFF) was used, along with the qEq charge scheme, which has been shown to 

accurately capture atomic charges calculated from quantum mechanics. All K+ charges were fixed at 

+0.6 and all N– charges were fixed at -0.6. Polymer chains are bound to themselves at the periodic 

boundaries, such that the polymers are infinite in length. When adding the charged monomer units to 

polymers 2 through 4, spacing was chosen to maximize distance between charged groups. 

 
Calculations were initiated by energy minimization. Minimization was followed by heating via Nose-

Hoover NVT molecular dynamics (MD) from 1.0 to 300.0 K over 10 ps. Following heating, the 

temperature was held at 300 K (still with Nose-Hoover NVT) while the box was deformed to an 
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energy minima. Finally, the simulation box was equilibrated at 300 K at the new cell volume for 

220 ps; the last 120 ps were used for analysis. 

The periodic simulation boxes for polymers 1-4 each contain 8 polymer chains propagating 

parallel to each other; the polymer chains are each made of 20 explicit monomeric units. However, 

the ends of the polymer chains are bound together at the periodic boundary such that the polymers 

are infinite in length. The simulation boxes also include 16 CO2 molecules and 16 water molecules.  

The 2 Phase Thermodynamics (2PT) method was used to calculate entropies, free energies, 

and diffusion coefficients from our MD simulations. 2PT tracks atom velocities in order to calculate 

the velocity autocorrelation function, which in turn can undergo a Fourier transform to yield the 

density of state function. Entropy and free energy are calculated via weighted integrals over the 

density of states, and diffusion coefficient is calculated via the density of states at zero frequency. 

We perform 3 calculations based on the velocity autocorrelation function, which we’ve found 

requires 40 ps to converge and yield reasonable statistics (120 ps total). 

The polymer open volumes (Vopen, Equation 3) are defined as the total cell volumes (Vtotal) 

minus the volumes occupied by the polymer backbone. The polymer backbone volume is computed 

assuming that all atoms are spheres with radii equivalent to their covalent atomic radius (ri), as 

computed from first principles by Clementi et al.60 ni in Equation 3 is the number of atoms of type 

i. 

!'()* =	!+'+,- −∑ &. /0'(.
0

.                                          (5) 
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SUPPLEMENTARY FIGURES/DATA 

 
 
Figure 9. A. Faradaic efficiencies (FEs, columns) and current densities (white squares) and B. partial 

current densities from CO2R on 4-coated Cu at different loadings. C. Partial current density for 

hydrogen formation. Chronoamperometry performed in 1 M KHCO3 at –1.15 V vs. RHE.  
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Figure 10. A. Example Nyquist plot from CO2R electrolysis with 3-coated Cu (13.5 µg). B. Linear 

fit of Warburg region. 

 
 

 

 
 
Figure 11. Faradaic efficiencies (FEs) and current densities (white squares) from CO2R on Cu/PTFE 

in the presence of film drop casted from 3 (ionomer loading: 13.5 µg) tested in 1 M KHCO3(aq) at 

various CO2 partial pressures (Ar(g) balance gas). 
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Figure 12. Plots of log(jprod) vs. log(PCO2) from variable partial pressure CO2 experiments for H2 (panel 

A), C2+ products (panel B), CO (panel C), CH4 (panel D). Filled circles represent bare Cu data and 

hollow diamonds represent 3-coated Cu.   
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Table 4. Partial current densities from CO2R with different alkali cations (Li+, K+, and Cs+) 
in the ionomer (4.5 µg) and electrolyte  
 

 Electrolyte 
Eapplied 
(V vs. 
RHE) 

Ecorrected 
(V vs. 
RHE) 

|j| (mA/cm2) 

H2 CH4 CO        C2H4 HCOO– C2H5OH C3H7OH |jC2+| 
Bare 
Cu 

0.1 M 
LiHCO3(aq) 

-1.10 -0.98 11.2 
+ 0.5 

2.4 + 
0.6 

0.12 + 
0.03              0.31+0.03    0.6 + 0.1 0 0 0.31+

0.03 

4 0.1 M 
LiHCO3(aq) 

-1.10 -0.98 2.2 + 
0.2 

0.11+ 
0.09 

2.8 + 
0.7 

1.9 + 
0.3 3 + 1 1.3 + 0.6 1.1 + 0.6 4.2 + 

0.9 
Bare 
Cu 

0.1 M 
KHCO3(aq) -1.10 -0.92 5.6 + 

0.6 
0.4 + 
0.2 

1.3 + 
0.3 5 + 1 3 + 1 7 + 1 1.5 + 0.5 14 + 

2 

4 0.1 M 
KHCO3(aq) 

-1.10 -0.93 4.2 + 
0.4 

1.3 + 
0.4 

1.5 + 
0.5 24 + 1 2.82 + 

0.03 15 + 2 5.0 + 0.4 44 + 
3 

Bare 
Cu 

0.1 M 
CsHCO3(aq) 

-1.10 -0.75 
 

11 + 
2 0 12 + 1 12.5 + 

0.5 7 + 2 10 + 3 5 + 1 30 + 
3 

4 0.1 M 
CsHCO3(aq) -1.10 -0.5 10 + 

2 0 14.5 + 
0.7 22 + 1 12 + 1 23 + 2 4.9 + 0.3 50 + 

2 
 

 

 

 

 

 
Table 5. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –0.95 V vs. RHE. 
1 M KHCO3(aq) 

 

 
Ecorrected 
(V vs. 
RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4 C2H4 C2H5OH C3H7OH Total FEC2+/
FEC1 

j 
(mA/
cm2) 

Bare 
Cu -0.89 22 + 4 6.7 + 

0.2 17 + 0.4 17 + 
2 19 + 4 10 + 1 3.0 + 0.4 95 + 6 1.2 + 

0.5 
-45 + 

1 

1 -0.88 23 + 1 9 + 1 20 + 1 4 + 1 18 + 2 11 + 1 3 + 1 98 + 4 1.0 + 
0.1 

-46 + 
1 

2 -0.87   20 + 4 6 + 1 15 + 1 4 + 1 25 + 6 17 + 4 2 + 1 90 + 4 1.8 + 
0.8 

–55 + 
5 

3 -0.78 18 + 2 8 + 2 19 + 5 4 + 3 30 + 3  15 + 2 3 + 1 97 + 6 1.5 + 
0.7 

–65 + 
3 

4 -0.85 18 + 2 4.0 + 
0.7 8 + 1 2 + 1 34 + 3 15 + 5 4 + 1 85 + 4 4.1 + 

0.8 
–80 + 

8 
Nafion 
1100W -0.92 32 + 2 15.6 

+ 0.7 27 + 5 4.4 + 
0.7 5 + 3 19 + 6 7 + 1 110 + 

8 
1.1 + 
0.5 

–17 + 
4 
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Table 6. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –1.05 V vs. RHE. 
1 M KHCO3(aq) 

 

 
Ecorrected 
(V vs. 
RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4           C2H4 C2H5OH C3H7OH Total FEC2+/
FEC1 

j 
(mA/c

m2) 
Bare 
Cu -0.99 27 + 

1 
13 + 

3 27 + 1 4 + 2           17 + 1 10.6 + 0.5 4.5 + 0.4 103 + 
6 

0.7 + 
0.1 

–65 + 
1 

1 -0.98 23 + 
5 

13 + 
3 19.7 + 0.3 9 + 3 18 + 2 12 + 1 4.30 + 

0.05 99 + 6 0.82 + 
0.08 

–65 + 
1 

2 -0.94 13 + 
4 

6.2 + 
0.4 11 + 1 4.5 + 

0.7 40 + 6 22 + 4 5 + 1 102 + 
8 

3.1 + 
0.4 

–99 + 
5 

3 -0.96 14 + 
2 

   6 + 
2 12 + 5 4 + 2 34 + 3  25 + 2 4 + 1  99 + 7 2.9 + 

0.9 
–105 
+ 7 

4 -0.87 11 + 
2 

3.3 + 
0.7 8.4 + 0.3 2.1 + 

0.2 34 + 3 20.3 + 0.2 5.6 + 0.1      85 
+ 6 

4.3 + 
0.8 

–111 
+ 8 

Nafion 
1100W -0.96 22 + 

2 6 + 1 30 + 2 2.5 + 
0.5 18 + 3 18 + 2 5 + 1 102 + 

5 
1.1 + 
0.5 

–58 + 
2 

 

 

 
 
 
 
 
 
Table 7. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –1.15 V vs. RHE. 
1 M KHCO3(aq) 

 

 
Ecorrected 
(V vs. 
RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4          C2H4 C2H5OH C3H7OH   
Total 

FEC2+/
FEC1 

j 
(mA/
cm2) 

Bare 
Cu -1.07 15 + 

3 
10 + 

3 19 + 4 4.4 + 
0.8             22 + 2     14 + 4 4 + 1 90 + 

8 
1.2 + 
0.3 

–84 
+ 5 

1 -1.05 21 + 
4 

12 + 
3 19 + 3 10 + 

3 20 + 2 12 + 2 4.3 + 0.6 98 + 
8 

0.9 + 
0.2 

–90 
+ 1 

2 -1.05 9 + 1 7 + 1 15 + 8 1 + 1 34.1 + 0.2 21 + 1 4.23 + 
0.03 

 92 + 
6 

2.6 + 
0.9 

–135 
+ 5 

3 -1.05 8 + 1 5 + 1 15.5 + 0.5 2 + 1 34 + 3  25 + 2 4 + 1 97 + 
6 

3.0 + 
0.3 

–166 
+ 8 

4 -0.96 7.3 + 
8 

2.7 + 
0.1 8.4 + 0.3 2.7 + 

0.5 43 + 5 28 + 5 4.86 + 
0.05 

90 + 
5 

7.5 + 
0.8 

–202 
+ 9 

Nafion 
1100W -1.07 25 + 

2 3 + 1 30 + 1 1.0 + 
0.5 22 + 1 11 + 2 4 + 1 96 + 

4 
1.1 + 
0.5 

-69 + 
2 
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Table 8. Selectivity profile from CO2R on Cu GDE modified by 4 with Me4N+-containing 
electrolyte. Eapplied = –1.6 V vs. SHE 
 

 Electrolyte 
Ecorrected 
(V vs. 
RHE) 

Faradaic Efficiency (%) 

H2 CH4 CO C2H4 HCOO– C2H5OH C3H7OH Total 
j 

(mA/
cm2) 

Bare 
Cu 

1 M 
Me4NHCO3 

(aq) 

-1.07 91 + 3 0 0 0 0   x          0 0 91 + 3 -65 + 
1 

4 
1 M 

Me4NHCO3 

(aq) 

-1.07 95 + 3 0 0 0 0  0 0     95 + 
3 

  -67 
+ 1 

4-
Me4Na 

1 M 
Me4NHCO3 

(aq) 
-1.07 97 + 1 0 0 0 0  0 0   97 + 3   -67 

+ 1 

Bare 
Cu 

1 M 
Me4NOH (aq) -0.72 14 + 4 3 + 2 10 + 

1  26 + 1 12 + 3 23 + 3 9 + 1   97 + 8 -40 + 
3 

4 1 M 
Me4NOH (aq) 

-0.72 22 + 4 9 + 4 7 + 4  24 + 3 17 + 5 18 + 2 8.8 + 0.1   106 + 
8 

-40 + 
5 

aPerformed cation exchange with 4 or 3 in 1 M Me4NHCO3(aq), then drop casted onto Cu GDE. 
 

 

Table 9. ICP-MS data to determine K+ concentration from each ionomer with and without 
electrolysis.  

Sample [K+] (µg mL–1) a 

Water 20 ± 1 

0.1 M LiHCO3(aq) 20 ± 1 

4, no electrolysis 53 ± 6 

4, with electrolysis 360	± 10 

2, no electrolysis 41 ± 2 

2, with electrolysis 210 ± 10 
aStandard deviations represent error from triplicate measurements. 
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Table 10. Comparing CO2R performance between Cu electrodes with various coatings that 
impart high performance towards C2+ products 

 
Authors Ionomer Electrolyte Ecorrected (V vs. RHE) FEC2+ |jC2+| (mA cm–2) FEH2 

This work 
3 1 M KHCO3 –0.96 82% 225 8% 

Nafion 
1100W 1 M KHCO3 –1.07 36% 25 25% 

Sinton, 
Sargent, and 
co-workers17 

Nafion 
1000W 7 M KOH  –0.91 79.5% 1232.3 6.8% 

Nafion 
1000W 7 M KOH –1.43  82.5% 420.8 13% 

Bell and co-
workers16 

Nafion 
1100W 0.1 M CsHCO3 –1.15 64% 6.5 12.1% 

Sinton, 
Sargent, and 
co-workers19 

Aquivion  3 M KCl/1 M 
H3PO4  Not reported ~48% 576 35% 

Agapie, 
Peters, 

Sargent, and 
co-workers18 

Aquivion None (MEA) Not reported 45% 68 10% 

Zhuang, L., et 
al.23 QAPEEK None (MEA) Not reported 

73.4% 587 10.6% 

65.3% 653 16.4% 
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Figure 13. Sample 1H NMR spectrum (400 MHz, 10% v/v D2O) of catholyte after 30-minute CO2R 

chronoamperometry (Eapplied = –1.15 V vs. RHE) with 3-coated Cu (4.5 µg). DMSO and phenol were 

used as standards.  
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NMR spectra of polymers (*obtained by Meaghan A. Bruening) 

 
Figure 14. 1H NMR of polymer 1 in CD3CN. 
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Figure 15. 1H NMR of polymer 1 in CDCl3. 
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Figure 16. 13C NMR of 1 in CDCl3. 
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Figure 17. 1H NMR of 2 in CD3CN. 
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Figure 18. 19F NMR of 2 in CD3CN. 
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Figure 19. 13C NMR of 2 in CD3CN. 
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Figure 20. 1H NMR of 3 in CD3CN. 
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Figure 21. 19F NMR of 3 in CD3CN. 
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Figure 22. 13C NMR of 3 in CD3CN. 
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Figure 23. 1H NMR of 4 in CD3CN. 
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Figure 24. 19F NMR of 4 in CD3CN. 
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Figure 25. 13C NMR of 4 in CD3CN. 
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ABSTRACT: This chapter discusses variation of the ionomer/polymer structures to 

maximize CO2R performance and enhance our understanding of effects of organic moieties. 

Incorporation of neutral comonomers bearing cross-linking units rich in biphenyl and 

terphenyl motifs result in high current densities, maximizing at ~330 mA cm–2 towards C2+ 

products with 82% Faradaic Efficiency (FE), surpassing the minimum 200 mA cm–2 

necessary for application on an industrial scale. The analogous neutral variants (i.e., those 

lacking the charged comonomer) show comparable |jC2+| to the K+-containing polymers, 

suggesting a non-innocent role of the aryl-rich polymers. More insoluble comonomers were 

envisioned to allow incorporation of greater amounts of the charged comonomer, thus 

permitting development of a broad relationship between [K+] and |jC2+|. However, it was 

observed that increased [K+] beyond 40-50 mol% did not facilitate greater |jC2+|.  
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INTRODUCTION 
 

Converting CO2 to value-added chemicals electrochemically using renewable 

energy is a potential avenue toward achieving a net-zero carbon economy.1 Cu is the only 

metallic electrode where multi-carbon (C2+) products, including C2H4, C2H5OH, and 

C3H7OH are produced from electrochemical CO2 reduction (CO2R).2 However, Cu alone 

suffers from poor selectivity towards C2+ products owing to the significant generation of 

C1 products and hydrogen.2–4  Coating Cu electrodes with organic films is a strategy for 

steering CO2R selectivity towards C2+ products. Organic coatings derived from molecular 

precursors such as pyridinium,5–9 ionic liquids,10–12 amines,13,14 and aryl diazonium and 

iodonium species15 have shown promise. Although the ease of precursor synthesis and in 

situ film generation are attractive features of general approach, the physical properties of 

the coating and electrocatalyst microenvironment, including local pH, CO2 concentration, 

hydrophobicity, and electric field strength, are not readily predicted.  

An alternative approach to organic films is provided by ionomers.16–23 For example, 

Bell and co-workers recently examined a combination of ionomers to control local pH and 

hydrophobicity to achieve high C2+ product selectivity on Cu.16 Also, Sargent and co-

workers have demonstrated high current density electrolysis with Nafion on Cu.17 These 

examples employing commercial polymers highlight the potential of this approach; 

however, a dearth of studies of the effects of systematic changes in ionomer structure on 

CO2R behavior limit fundamental understanding of the features crucial for electrochemical 

performance.21,23 Of note, Grubbs and co-workers synthesized and tested a library of 

ionomer coatings bearing imidazolium groups and observed high selectivity for C2+ 

products and low HER.21 Computations suggested that high local [CO2], as well as an 
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induced electric field effect from the positively charged functional groups, drove high 

selectivity towards C2+ products. Alkali cations were found to facilitate CO2R on metallic 

electrodes.19,24–28 Their presence in the outer Helmholtz plane was hypothesized to 

suppress proton carrier mass transport and stabilize CO2R intermediates.19,28–30  

As discussed in Chapter III, we observed a correlation between K+ content provided 

by ionomer films and |jC2+|. Experiments and simulations are consistent with elevated mass 

transport of CO2 to the electrode surface. It is also of interest to prepare ionomers with 

greater [K+] than was possible in this series to expand these observations; ionomers with 

content beyond 37 mol% K+ were soluble in water and therefore not suitable for 

investigation as films on electrodes. Less polar neutral comonomers are envisioned to allow 

for greater K+ content without increasing solubility under aqueous conditions. 

In this chapter is discussed results from investigating greater [K+] films. Continuous 

increase in |jC2+| could not be extended beyond ~40 mol% [K+]. This phenomenon is 

possibly due to inhibited CO2 mass transport with high alkali cation content in the double 

layer, consistent with previous reports investigating high alkali cation concentrations in 

bulk electrolyte. Separately, lower [K+] ionomers with poly(aryl) cross-linking motifs were 

found to impart high |jC2+|, surpassing 300 mA cm–2. The potassium-free analogues were 

found to similarly provide high activity, suggesting a non-innocent role of the uncharged, 

poly(aryl) motif and outperforming previous attempts to similar films via in situ 

electrodeposition.  
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RESULTS AND DISCUSSION 

i) Ionomers bearing poly(aryl) comonomers 

	

Figure 1. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Cu/PTFE in the presence of ionomer films casted from solutions of 1-5. 

Electrolysis performed in 1 M KHCO3(aq) for 30 minutes with Eapplied = –1.15 V vs. RHE. 

Corrected potentials (Ecorr) determined from measured (uncompensated) resistance are 

reported. B. Partial current densities for trials shown in panel A.  

Ionomers were prepared by performing copolymerizations initiated via radical 

generation with azobisisobutyronitrile. Styrene comonomer precursors capable of forming 
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cross-linking motifs were utilized (4,4’-divinyl-1,1’-biphenyl and 4,4”-divinyl-

1,1’:4’,1”-terphenyl); these compounds were constructed from Pd-catalyzed cross-

couplings or condensation reactions or (see Synthetic Procedures under 

EXPERIMENTAL).31 

 Ionomers 1-3 were studied as films on Cu/PTFE, and effects on CO2R 

performance were investigated in a gas diffusion electrode flow cell, as described in 

Chapter III. Faradaic efficiency for C2+ products (FEC2+) with 3 was not significantly 

greater than with 1 despite the greater K+ content (Figure 1, ~210 mA cm–2). Similar FEC2+ 

was observed in 2. Moreover, |jC2+| does not increase monotonically with increasing [K+]. 

The apparent inconsistency with the results from the methoxystyrene series (see Chapter 

III) could be due to two possible phenomena: 1) high alkali cation concentration beyond a 

certain limit in electrolytes was found to be detrimental for |jCO2R|,32 possibly due to 

attenuated CO2 diffusion by a double layer saturated with alkali cations. 2) [K+] cannot be 

decoupled from an apparent effect of poly(aryl) species as comonomers, which seem to 

significantly boost CO2R selectivity/activity on Cu towards C2+ products (Figure 1, 

ionomer 5). This effect is reminiscent of poly(aryl) films generated from electrodeposition 

of bis(aryl)iodonium triflate salts, albeit demonstrating worse activity than the species 

investigated in Figure 1.15 While poly(4-methoxy)styrene on Cu yields similar performance 

to bare Cu, poly(4-phenyl)styrene elevates both FEC2+ and |jC2+| (Figure 2, 10). 

 In order to develop polymers lacking solubility in water but attempting to decouple 

the effects of 4-phenylstyrene, a similar series of ionomers were constructed with 4-

methoxystyrene as a precursor along with K-STFSI and 4,4’-divinyl-1,1’-biphenyl. 

Ionomer 8 possessed lower |jC2+| compared to 6 (110 mA cm–2 vs. 180 mA cm–2); ionomers 
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7-9 gave similar CO2R performance to each other (Figure 2). Notably, each of ionomers 

6-9 increase performance relative to both bare Cu and 10. These results suggest that a 

significant effect of the cross-linking bi(aryl) motif on CO2R performance cannot be ruled 

out.  

A series of ionomers were developed with poly(4-phenyl)styrene as neutral 

comonomer to determine if CO2R effects from K+ were significant in the absence of a cross-

linking motif (Figure 3). When Eapplied = –1.05 V vs. RHE in 1 M KHCO3(aq), a correlation is 

observed in [K+] with |jC2+|, with 14 imparting 100 mA cm–2. When Eapplied = –1.15 V vs. 

RHE, a linear increase in |jC2+| is not observed, but 14 drives |jC2+| to 190 mA cm–2. Under 

certain conditions, the trend is reminiscent of observations from examining the 

methoxystyrene series as films on Cu (Chapter III). Notably, poly(4-phenyl)styrene as a 

coating generates high selectivity for C2+ products (FEC2+ = 61%), while poly(4-

methoxyphenyl)styrene does not improve performance relative to bare Cu (Figure 2). 

Additional ionomers with terphenyl and poly(ethylene glycol)-based linkers were 

prepared and tested as films on Cu to maximize performance (Figure 4). Ionomer 16 

demonstrates a record amongst all polymers discussed, observing |jC2+| = 270 mA cm–2, more 

than 9-fold greater than bare Cu. High performance was also observed in a poly(ethylene 

glycol)-containing ionomer (|jC2+| = 180 mA cm–2). Notably, each ionomer’s potassium-free 

analogue demonstrated high CO2R performance, suggesting that these motifs can facilitate 

CO2R possibly due to a cation-π effect (thus enhancing local [K+] from the electrolyte)33,34 

or elevated CO2 mass transport.35 
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Figure 2. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Cu/PTFE in the presence of ionomer films casted from solutions of 6-10. 

Electrolysis performed in 1 M KHCO3(aq) for 30 minutes with Eapplied = –1.15 V vs. RHE. 

Corrected potentials (Ecorr) determined from measured (uncompensated) resistance are 

reported. B. Partial current densities for trials shown in panel A.  
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Figure 3. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Cu/PTFE in the presence of ionomer films casted from various solutions of 

ionomers. Electrolysis performed in 1 M KHCO3(aq) for 30 minutes. Corrected potentials 

(Ecorr) determined from measured (uncompensated) resistance are reported. B. Partial current 

densities for trials shown in panel A. 



 119 

 

	

Figure 4. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Cu/PTFE in the presence of ionomer films casted from various solutions of 

ionomers. Electrolysis performed in 1 M KHCO3(aq) for 30 minutes. Corrected potentials 

(Ecorr) determined from measured (uncompensated) resistance are reported. B. Partial current 

densities for trials shown in panel A.   
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CONCLUSIONS 

To summarize, several series of ionomers along with their neutral analogues were 

developed and examined as coatings on Cu for high current density for C2+ products (270 

mA cm–2). While materials bearing K+ content greater than 40 mol% were accessible 

synthetically, this aspect alone was not beneficial in driving high CO2R activity. The neutral 

comonomers bearing aryl-rich styrene precursors were found to impart outstanding 

improvement in performance relative to bare Cu (as much as 10x increase in |jC2+|); K+-free 

analogues in most cases also provided high performance. Current and future work is 

dedicated understanding how these polymers facilitate CO2R performance on Cu. To rule 

out morphological changes to Cu, scattered angle X-ray spectroscopy measurements (SAXS) 

will be carried out. Electrochemical measurements will also be performed to determine CO2 

diffusion coefficients. Finally, effects on CO reduction performance corroborated with MD 

simulations of CO residence time could suggest the films’ effects on CO2R intermediates. 
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EXPERIMENTAL 

Materials and Methods 
 
General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise.  4-

Methoxystyrene was dried with CaH2 and filtered under inert atmosphere. Azobisisobutyronitrile 

(AIBN) was dried under vacuum for 16 hr.  4-vinylbiphenyl was dried under vacuum for 16 hr.  K-

STFSI was prepared based on a previously reported synthesis.36 Acetonitrile was dried by passing 

over activated alumina by the method of Grubbs37 and stored over 3 Å molecular sieves in a N2-filled 

glovebox. Anhydrous dimethylformamide (DMF) was degassed and stored over 3 Å molecular sieves 

in a N2-filled glovebox. KHCO3 (grade) for polymer purification was purchased from Sigma Aldrich. 

 
Copper nanoparticles, potassium carbonate (99.995%), 4-methoxystyrene, solution (99%), 

isopropanol (HPLC grade), and ethanol (HPLC grade) were purchased from Sigma Aldrich. 

Polytetrafluoroethylene (PTFE) was purchased from McMaster-Carr. The leakless Ag/AgCl 

reference electrode was purchased from Innovative Instruments. Platinum mesh (99.99% Pt, 25 mm 

× 25 mm × 0.05 mm) was purchased from Alfa Aesar. CO2 (research grade) was purchased from 

Airgas. Deuterium oxide (D 99.96%) and CD3CN (99.9%) were purchased from Cambridge Isotope 

Laboratories. The 1H and 19F NMR solution-state NMR spectra were recorded on a Bruker 400 MHz 

with broadband auto-tune OneProbe.  13C solution-state NMR spectra were recorded on a Bruker 400 

MHz instrument with a prodigy broadband cryoprobe. Shifts were reported relative to the residual 

solvent peak.  

 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) or a Milli-

Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 MΩ·cm at 
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25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used to 

determine the pH of the electrolytes before experiments.  

 
Synthetic Procedures *Carried out by Meaghan A. Bruening 
 
Preparation of Monomers: 

 
4-Pentoxystyrene was prepared in two steps from 4-hydroxybenzaldehyde based on literature 

procedures.38  Product isolated as an oil.  1H CDCl3 7.34 (m, 2 H, Ar-H), 6.85 (m, 2 H, Ar-H), 6.65 

(dd, 1 H, vinyl-H), 5.60 (dd, 1 H, vinyl-H), 5.11 (dd, 1 H, vinyl-H), 3.95 (t, 2 H, Ar-O-

CH2CH2CH2CH2CH3), 1.78 (m, 2 H, Ar-O-CH2CH2CH2CH2CH3), 1.36 (m, 4 H, Ar-O-

CH2CH2CH2CH2CH3), 0.92 (m, 3 H, Ar-O-CH2CH2CH2CH2CH3).       

 
 
Preparation of Cross-Linking Monomers: 
 

 
4-Bromostyrene (3.36 g, 18.35 mmol, 1.0 equiv) and 4-vinylphenylbornoic acid (xx g, mmol, equiv) 

were added as solids to a Schlenk tube and suspended in toluene ( mL), ethanol (mL) and 2 M aqueous 

K2CO3 (mL).  The reaction mixture was thoroughly degassed 3x before addition of Pd(PPh3)4 (mg, 

mmol, equiv), and the reaction was heated to 70 oC for 16 hr.  The reaction was quenched with 

exposure to air, and the reaction was filtered over a silica plug and extracted with DCM.  The volatiles 

were concentrated in vacuo, dissolved in DCM, and the mixture was washed 3x with water. The 

organic layer was dried with MgSO4, and the volatiles were removed in vacuo.  The product was 
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purified by column chromatography.  The product was isolated as a light-yellow solid.  

Characterization is consistent with previous reports.31  

 

 
1,4 dibromobenzene (3.98 g, 16.89 mmol, 1.0 eqiv) and 4-vinylphenylbornoic acid (5 g, 33.79 mmol) 

were added as solids to a Schlenk tube and suspended in toluene (120 mL), ethanol (40 mL), and 2 

M aqueous K2CO3 (66 mL).  The reaction mixture was thoroughly degassed 3x before addition of 

Pd(PPh3)4 (400 mg, 0.3379 mmol, 0.02 equiv), and the reaction was heated to 70 oC for 16 hr.  The 

reaction was quenched with exposure to air, and the reaction was filtered over a silica plug and 

extracted with DCM.  The volatiles were concentrated in vacuo, dissolved in DCM, and the mixture 

was washed 3x with water. The organic layer was dried with MgSO4, and the volatiles were removed 

in vacuo.  The product was purified by column chromatography.  The product was isolated as a light-

yellow solid.  Characterization is consistent with previous reports.  

 

 
4-Acetoxystyrene (1.965 g, 12.12 mmol, 2.0 equiv) was dissolved in EtOH followed by addition of 

KOH (0.85 g, 15.15 mmol, 2.5 equiv).  The reaction was heated to 70 oC for 1.5 hr, followed by 

addition of triethylene glycol di(p-toluenesulfonate) (2.77 g, 6.05 mmol, 1.0 equiv). The reaction was 

stirred for 16 hr at RT. The volatiles were concentrated in vacuo, dissolved in DCM, and the mixture 

was washed 3x with water.  The product was purified by column chromatography.  The product was 

isolated at a white solid.  Characterization is consistent with previous reports. 
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General Procedure for Synthesis of Neutral Homopolymer: The reaction was conducted 

under an inert atmosphere.  The neutral monomer (methoxystyrene or vinylbiphenyl) was dissolved 

in MeCN (4 mL).  AIBN (26 mg, 0.1equiv) was added and rinsed with MeCN (1 mL).  The vial was 

sealed, removed from the glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by 

exposure to air.  The crude material concentrated, redissolved in THF, and precipitated into MeOH 

(100 mL).  The polymer was isolate as a fine white solid.  

   

General Procedure for Copolymer Synthesis: The reaction was conducted under an inert 

atmosphere.  The neutral monomer (methoxystyrene or vinylbiphenyl) was added to a 20-mL 

scintillation vial and dissolved in MeCN (2 mL) followed by addition of K-STFSI dissolved in MeCN 

(2 mL).  AIBN (0.1 equiv) was added and rinsed with MeCN (1mL).  The vial was sealed, removed 

from the glovebox, and heated at 70oC for 3 days.  The reaction was quenched by exposure to air.  

The crude polymer was precipitated into Et2O (100 mL) and filtered.  The precipitate was stirred with 

20 mL of an aqueous solution of 1 M KHCO3 at 90oC for a minimum of 30 minutes.  The mixture 

was filtered hot over a glass frit.  An additional 2 washes with 1 M KHCO3(aq) were necessary for 

most purifications.  The solid material was extracted with MeCN, concentrated under reduced 

vacuum, redissolved in MeCN, and filtered.  The filtrate was precipitated with Et2O (100 mL) and 

filtered.  The polymer dried under vacuum and was isolated as a fine white solid. 

 

General Procedure for Cross-Linking Copolymers Synthesis with Cross-Linking Monomer A: 

The reaction was conducted under an inert atmosphere.  The neutral monomer (methoxystyrene or 

vinylbiphenyl) was added to a 20-mL scintillation vial and dissolved in MeCN (2 mL) followed by 

addition of cross-linking comonomer and K-STFSI dissolved in MeCN (1 mL, each).  AIBN (0.1 

equiv) was added and rinsed with MeCN (1mL).  The vial was sealed, removed from the glovebox, 

and heated at 70oC for 3 days.  The reaction was quenched by exposure to air.  The polymer was 
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precipitated into Et2O (100 mL) and filtered.  The precipitate was stirred with 20 mL of an 

aqueous solution of 1 M KHCO3 at 90oC for a minimum of 30 minutes.  The mixture was filtered hot 

over a glass frit.  An additional 2 washes with 1 M KHCO3(aq) were necessary for most purifications.  

The solid material was extracted with MeCN, concentrated under reduced vacuum, redissolved in 

MeCN, and filtered.  The filtrate was precipitated with Et2O (100 mL) and filtered.  The polymer 

dried under vacuum and was isolated as a fine white solid. 

 

General Procedure for Cross-Linking Copolymers Synthesis with Cross-Linking Monomers B 

and C: The reaction was conducted under an inert atmosphere.  The neutral monomer 

(methoxystyrene or vinylbiphenyl) was added to a 20-mL scintillation vial and dissolved in DMF (2 

mL) followed by addition of cross-linking comonomer and K-STFSI dissolved in DMF (1 mL, each).  

AIBN (0.1 equiv) was added and rinsed with DMF (1mL).  The vial was sealed, removed from the 

glovebox, and heated at 70oC for 3 days.  The reaction was quenched by exposure to air.  DMF was 

removed in vacuo, and the crude polymer was redissolved in minimal MeCN (~5 mL).  The polymer 

was precipitated into Et2O (100 mL) and filtered.  The precipitate was stirred with 20 mL of an 

aqueous solution of 1 M KHCO3 at 90oC for a minimum of 30 minutes.  The mixture was filtered hot 

over a glass frit.  An additional 2 washes with 1 M KHCO3(aq) were necessary for most purifications.  

The solid material was extracted with MeCN, concentrated under reduced vacuum, redissolved in 

MeCN, and filtered.  The filtrate was precipitated with Et2O (100 mL) and filtered.  The polymer 

dried under vacuum and was isolated as a fine white solid. 

 

Note about Polymer Purification:  For some copolymers with a higher content of charged 

comonomer where some moderate solubility in 90 oC 1 M KHCO3 is observed, an alternative 

purification was used to removed unreacted K-STFSI.  The crude polymer was dissolved in minimal 

MeCN (< 5 mL) and precipitated by addition to 1 M aqueous KHCO3 (25 mL).  The purification was 
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repeated until residual unreacted monomer was removed (generally 3-5 washes).  The polymer 

was then further purified with the same procedure described above (redissolved in MeCN, filtered, 

and precipitated with Et2O). 

 

Electrochemistry 
 
Electrolyte Preparation 
 
Potassium bicarbonate electrolyte (1 M KHCO3(aq)) was prepared by sparging an aqueous solution of 

potassium carbonate (0.5 M K2CO3(aq)) with CO2 for at least 1 hour prior to electrolysis. This process 

converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2.  

 
Electrode Preparation 
 
The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Cu onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Cu target (99.99%) at a sputtering rate of 1 Å s–1.  

 
A 0.3 mg mL–1 stock solution of the ionomer was prepared in 50% v/v EtOH/iPrOH and sonicated 

for 30 minutes to ensure complete dissolution. For a standard loading, 15 µL were drop casted (4.5 

µg) onto a 2.5 cm2 electrode, ensuring complete coverage of the Cu nanoparticles, and allowed to dry 

under ambient conditions for 1 hour.  

 
Electrochemical Measurements in the GDE (Flow) Cell 
 
CO2R and COR measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronoamperometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.7 The liquid-electrolyte flow cell consists of 

three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE electrode was 

sandwiched between CO2 gas chamber and catholyte chamber with an exposure area of 0.5 cm–2. 

Catholyte and anolyte chambers were separated by a Selemion AMV anion-exchange membrane 
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(AGC Engineering Co.). The reference electrode was calibrated against H+/H2 on Pt in a 0.5 M 

sulfuric acid solution (0 V vs. RHE) and saturated calomel electrode (SCE) (+0.241 V saturated vs. 

RHE).  An Autolab PGSTAT204 in a potentiostatic mode was used as electrochemical workstation. 

The PTFE electrode, leakless Ag/AgCl electrode (Innovative Instruments), and Pt mesh (rinsed with 

water and annealed with a butane torch) were employed as working, reference and counter electrodes, 

respectively. The applied potentials were converted to the reversible hydrogen electrode (RHE) scale 

with iR correction through the following equation: 

 

                              Ecorrected (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR.               (1) 

 

Eapplied in this report is the applied potential without iR compensation. In order to convert from 

potential vs. Ag/AgCl, we use the following relationship: 

 

            Eapplied (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210                        (2) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

potentioelectrochemical impedance spectroscopy (PEIS) in the frequency range of 105 – 0.1 Hz with 

an amplitude of 10 mV. The appropriate gas-saturated electrolyte was used as both catholyte and 

anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with the desired gas during the entire electrolysis process. The 

electrolyte flow rate was kept at 10 mL min–1. The flow rate of the gas flowing into the gas chamber 

was kept at 30 sccm by a digital mass flow controller.  

 

Ohmic resistance values were determined with procedures described elsewhere39,40 and employed in 

our prior work7–9 PEIS measurements were carried out prior to and after each electrolysis experiment 
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to determine the Ohmic resistance of the flow cell and ensure it is unchanged during the 

experiment.41,42 The impedance measurements were carried out at frequencies ranging from 200 kHz 

to 100 MHz. A Nyquist plot was obtained, and in the low-frequency region (containing a Warburg 

element) a line was plotted to determine the value of the intersection with the x-axis, representing the 

Ohmic resistance.39 An average of 3 measurements was taken to calculate the value of R. Typically, 

small resistances were measured, ranging from 4 to 7 Ω. The potentiostat was set to compensate for 

85 % of the Ohmic drop, with the remaining 15 % being compensated for after the measurements.39,40 

 

All chronoamperometric experiments were performed for 30 min at 25 °C. Before each electrolysis 

experiment, the ionomer was drop casted onto a 2.5 cm2 Cu/PTFE electrode. The entire Ohmic drop 

was compensated before and after the measurement. The effluent gas stream coming from the cell 

(30 mL min–1) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, 

in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A columns. Methane, 

ethylene, ethane, and carbon monoxide were detected by a methanizer-flame ionization detector 

(FID) and the hydrogen was detected by a thermal conductivity detector (TCD). Every 15 minutes, 2 

mL of gas was sampled to determine the concentration of gaseous products. After electrolysis, the 

liquid products in the catholytes were quantified by both HPLC (Thermo Scientific Ultimate 3000) 

and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer).  

 

For 1H NMR analysis, 630 µL of the electrolyte sample were combined with 30 µL of internal 

standard solution (10 mM DMSO and 50 mM phenol) and 70 µL of D2O. Water suppression was 

achieved with a presaturation sequence.8,42  

 

 

 



 129 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

 

                                                   !! = "#!
$%                      (3) 

 

!#"&'( =	
)"#$%#*"#$%#&

+  .                    (4) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  

 
Error bars shown in all figures and tables represent standard deviations from at least three replicate 

measurements. 
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SUPPLEMENTARY FIGURES/DATA 

NMR spectra of polymers (*obtained by Meaghan A. Bruening) 
 
 

 
Figure 5. 1H NMR spectrum of 1. 
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Figure 6. 19F NMR spectrum of 1. 
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Figure 7. 1H NMR spectrum of 2. 
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Figure 8. 19F NMR spectrum of 2. 
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Figure 9. 1H NMR spectrum of 3. 
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Figure 10. 19F NMR spectrum of 3. 
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Figure 11. 1H NMR spectrum of 4. 
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Figure 12. 19F NMR spectrum of 4. 
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Figure 13. 1H NMR spectrum of 5. 
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Figure 14. 1H NMR spectrum of 6. 
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Figure 15. 19F NMR spectrum of 6. 
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Figure 16. 1H NMR spectrum of 7. 
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Figure 17. 19F NMR spectrum of 7. 
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Figure 18. 1H NMR spectrum of 8. 
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Figure 19. 19F NMR spectrum of 8. 
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Figure 20. 1H NMR spectrum 12. 
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Figure 21. 19F NMR spectrum 12. 
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Figure 22. 1H NMR spectrum 14. 
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Figure 23. 19F NMR spectrum 14. 
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Figure 24. 1H NMR spectrum 21. 
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Figure 25. 19F NMR spectrum 21. 
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Figure 26. 1H NMR spectrum 16. 
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Figure 27. 1H NMR spectrum 17. 
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Figure 28. 1H NMR spectrum 18. 
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Figure 29. 19F NMR spectrum 18. 
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Figure 30. 1H NMR spectrum of 19. 
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Figure 31. 1H NMR spectrum of 20. 
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ABSTRACT: Cobalt phthalocyanine (CoPc), a proposed molecular mimic of single atom 

catalysts, has demonstrated electrochemical CO2 conversion to MeOH, a six-electron process 

rarely observed with molecular catalysts. Modularity over the CoPc ligand framework is 

difficult to realize, thus precluding the development of thorough structure-function 

relationships. Development of molecular species capable of CO2 to MeOH conversion can 

be undertaken to understand molecular properties crucial for the transformation. Dicationic 

Co complexes CoLtBu and CoLmes were immobilized on carbon nanotubes and submitting 

for electrochemical CO2 reduction, yielding MeOH (FE = 12%) at a range of applied 

potentials. Electrolysis in the presence of CO also leads to formation of MeOH, suggesting 

CO-bound complexes to be significant intermediates in CO2R to MeOH. CO is the exclusive 

CO2R product in CH3CN; decomposition of solvent is evident from observation of 

ethylamine by 1H NMR. This work highlights molecular systems facilitating multi-electron 

electrochemical transformations to highly reduced CO2R products. 
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INTRODUCTION 
 

Previous work in electrocatalysis has utilized single-atom catalysts (SACs) 

demonstrating high selectivity at low overpotentials,1–5 where the proposed active metal 

site is embedded in a heteroatom-doped graphene. Description of the active site has been 

often limited to models developed from images or spectroscopic data.6 Recent work has 

investigated well-defined molecular mimics of SACs able to demonstrate high 

electrocatalytic performance for electrochemically converting CO2 to CO.7–11 Molecular 

CO2 reduction (CO2R) electrocatalysts typically yield CO, a syngas component utilized in 

Fisher-Tropsch chemistry.12–16 The most promising molecular systems perform CO2R at 

high turnover frequencies and low overpotentials.17 However, molecular complexes are 

kinetically limited and typically do not facilitate CO2R beyond 2 electrons.  

Recent work with cobalt phthalocyanine (CoPc) has yielded MeOH from CO2R 

when supported on carbon nanotubes (CNTs).18,19 MeOH is of interest as a liquid fuel in 

overseas shipping.20 Wang and co-workers obtained 40% Faradaic efficiency for MeOH 

(FEMeOH) with hybrid CoPc/CNT.21 Ye, Goddard, and co-workers investigated the effects 

of strain on CoPc induced by CNTs of different diameters, observing FEMeOH = 60%.22 

Significant selectivity for MeOH via photoelectrochemical CO2R has also been observed.23 

All successful examples of electrochemical CO2R to MeOH have been observed with 

CoPc. While few reports have functionalized the phthalocyanine ligand on CoPc, it 

remains challenging the isolation of variants with well-defined substituents,11,21 thus 

precluding investigation into the effects of ligand/second sphere effects on MeOH 
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generation. Moreover, given the dearth of examples of molecular electrocatalysts that 

reduce CO2 to MeOH, there remains a potentially large space of molecules to explore.  

Presented herein is electrochemical CO2R to MeOH with Co complexes bearing 

neutral, macrocyclic ligands, where variation in the ligand framework is achieved by the 

choice of aniline. Cyclic voltammetry of each novel [Co] complex dissolved in organic 

solvent reveals a catalytic current, and high selectivity for CO is evident from bulk 

electrolysis. CoLmes supported on multi-walled CNTs (MWCNTs) for electrolysis in 1 M 

KHCO3(aq) results in FEMeOH = 12.1% at –0.7 V vs. RHE in 1 M KHCO3(aq); no MeOH was 

observed under the same conditions for CoPc. CO reduction to MeOH is also observed, 

suggesting CO as an intermediate in CO2R.  

RESULTS AND DISCUSSION 
 

i) Electrolysis with [Co] supported on carbon nanotubes 
 

Novel molecular cobalt complexes were investigated as potential electrocatalysts. 

The coordination environment around cobalt consists of four neutral, nitrogen donors, 

resulting in a dicationic macrocycle.24 Single-crystal X-ray diffraction highlights the 

planarity of the phenanthroline motifs with the aryl groups possessing significant dihedral 

angles. The overall +2 charge provides a complex likely electronically distinct from CoPc, 

where cobalt is ligand by neutral anionic donors.  

Methodologies for immobilization onto MWCNTs were employed for [CoLmes][2 

OTf] [CoLtBu][2 OTf], where each complex was dissolved in 2-propanol followed by 

suspension with MWCNTs. This slurry was sonicated for 60 minutes before drop casting 

onto a carbon paper electrode (38 BC, Fuel Cell Store),25 yielding a nominal [Co] loading of 

50 µg cm-2. 
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Figure 1. Selectivity profile from constant potential electrolysis with CO2(g) in gas diffusion 

electrode flow cell with [Co] supported on MWCNT highlighting Faradaic efficiencies 

(columns) and total current density (white squares). 1:2 mass ratio of [Co] to MWNCTs was 

prepared and drop casted onto C paper (nominal [Co] loading: 50 µg cm–1). 

This electrode was allowed to dry under ambient conditions for 2 hours before 

assembling in a gas diffusion electrode (GDE) cell.26,27 CO2(g) was provided to the inlet of 

the cell at a constant 20 standard cubic centimeters per minute (sccm), where online gas 

chromatography detection of products was employed. 1 M KHCO3(aq) was employed as 

electrode at a constant recirculation rate in cathode and anode of 10 mL min–1.  

[CoLmes][2 OTf] and [CoLtBu][2 OTf] were each tested at several applied potentials 

(chronoamperometry) and compared to CoPc, which was immobilized following a similar 

preparation. CO is the major product under most conditions, with minimal Faradaic 

efficiency (FE) for H2 observed (Figure 1). MeOH is observed via 1H NMR spectroscopy of 



 166 

a sample of the electrolyte, yielding two additional, distinct molecular complexes capable 

of catalyzing the six-electron process of converting CO2 to MeOH. Before now, CoPc was 

the only reported example. [CoLmes][2 OTf] appears to outperform CoPc at –0.7 V vs. RHE. 

To rule out possible molecular decomposition into Co0, Co powder was mixed with 

MWCNTs and drop casted onto carbon paper, finding that exclusively H2 is generated under 

similar CO2R conditions. A similar observation was made with Co(OTf)2/MWCNT. 

Electrolysis was performed in the presence of 13CO2(g) with 1 M KH13CO3(aq). 1H NMR of 

the electrolyte sample shows a doublet centered at 3.3 ppm (JH-C = 144 Hz) confirming the 

presence of 13CH3OH (Figure 3). Therefore, MeOH generated in the electrolysis originates 

from CO2. 

The turnover frequency (TOF) for CO provided by CoLmes/MWCNT either surpass 

or are comparable to that of CoPc/MWCNT at potentials more negative than –0.5 V vs. RHE 

(Figure 2). Activity for MeOH formation was compared to values reported in the literature 

(Table 1). Despite lower TOF, CoPc was the only reported molecular species capable of 

converting CO2 to MeOH electrochemically. Demonstrating a novel series of compounds 

capable of enacting this transformation paves the way for enriching the space of molecular 

complexes able generate highly reduced products from CO2R.  
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Figure 2. Partial current densities (columns) calculated from Faradaic efficiencies in Figure 

1. Turnover frequencies (TOFss) are provided for each CO and MeOH for each set of 

conditions. 

Table 1. Comparing CO2R performance between complexes 

Authors Complex/support E (V vs. RHE) FEMeOH Electrolyte TOFMeOH (s–1) 

This work 
CoLmes/MWCNT –0.7 12.1% 1 M KHCO3 0.05 

CoPc/MWCNT –0.7 0% 1 M KHCO3 0 

Wang, H. and 
co-workers.21 CoPc/MWCNT –0.94 40% 

0.1 M 
KHCO3 

1.05 

Ye, R. and 
coworkers.22 CoPc/SWCNT –0.8 60% 

0.1 M 
KHCO3 

14.8 

Rooney, 
Wang, and 

co-workers23 
CoPc/GO –0.93 25% 

0.5 M 
KHCO3

 0.21 
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Figure 3. 1H NMR spectra (400 MHz) of electrolyte sample post-electrolysis (–0.6 V vs. 

RHE for 30 minutes) with either natural abundance CO2(g) (electrolyte: 1 M KHCO3(aq)) or 

13CO2(g) (1 M KH13CO3(aq)), the latter yielding 13CH3OH (JH-C = 144 Hz). 

Variants of the ligand primary and secondary coordination spheres were investigated. 

A more open variant (CoLmes,open) appeared to lessen the rigidity of the ligand. 

Immobilization onto MWCNTs and submission for CO2R experiments demonstrate no 

generation of MeOH and poor selectivity for CO (Figure 4). This complex likely does not 

bind favorably to MWCNTs, thus yielding worse CO2R performance.28 Switching out –OTf 

for Cl– shuts down MeOH generation; selectivity for CO is not attenuated relative to –OTf. 

Instead, |jCO| increases by as much as 2-fold. Stronger axial donors were found in prior work 

to increase TOF for CO formation by as much as a factor of 2.29 It is hypothesized that the 
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presence of Cl–  in [CoLmes][Cl] as an axial donor inhibits MeOH generation by virtue 

enhancing the rate of CO formation. 

 

Figure 4. Selectivity profile from constant potential electrolysis with CO2(g) with [Co] 

derivatives supported on MWCNT highlighting Faradaic efficiencies (columns) and total 

current density (white squares).  

Single-walled carbon nanotubes (SWCNTs) were systematically investigated in 

previous work to elevate FEMeOH.21,22 Enhanced curvature in CoPc was found 

computationally to stabilize the CO-bound intermediate, thus favoring the pathway for 

MeOH formation. Mixing [Co] with SWCNTs (sourced from Cheap tubes, Inc.) via 

sonication in 2-propanol provides a catalyst ink for drop casting onto carbon paper. MeOH 

was not observed from CO2R with either CoPc or [CoLmes][2 OTf] (Figure 5). |jCO| increases 

by at most a factor of 5 for [CoLmes][2 OTf] when incorporating SWCNT; such a 

phenomenon could be related to the lack of MeOH formation from CO2.29,30 
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Figure 5. Selectivity profile from constant potential electrolysis with CO2(g) with [Co] 

derivatives supported on either SWCNT or MWCNT. 

Electrolysis was instead attempted with CO(g) (Figure 6). FEMeOH was enhanced with 

SWCNTs compared to MWCNTs (3% vs. 10%, for CoLmes/SWCNT). These results also 

suggest that CO bound to CoLmes is an intermediate in the formation of MeOH, consistent 

with previous reports examining CoPc.21,22,30 

 

Figure 6. Selectivity profile from constant potential electrolysis with CO with [Co] 

derivatives supported on either SWCNT or MWCNT.  
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ii) Homogeneous electrochemistry 

Cyclic voltammetry was carried out to ascertain the redox features of [CoLmes][2 

OTf] (1 mM) in 0.1 M nBu4NPF6/CH3CN. A three-electrode setup was employed in a single-

compartment cell with glassy carbon (working electrode), Ag wire (reference electrode), and 

Pt wire. A reversible feature was observed at –1.1 V vs. Fc+/0, assigned as the CoII/I feature 

based on CVs obtained with the analogous Zn complex (Figure 8), where such a feature is 

not evident. Three additional redox features at cathodic potentials are observed between –1.5 

and –3 V vs. Fc+/0 assigned as ligand-based events. Replacing Ar(g) with CO2(g) and adding 

MeOH reveals a rising current demonstrative of CO2 reduction. The feature at –1.9 V could 

be reduction of the ligand followed by electron transfer to the metal center,31,32 leading to a 

formally Co0 species capable of binding CO2 and performing CO2R.33 [ZnLmes][Cl] 

possesses minimal CO2R activity, suggesting the Co center to be the active site. 
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Figure 7. Cyclic voltammograms of [CoLmes][2 OTf] and [ZnLmes][2 OTf] in the presence 

of either Ar(g) or CO2(g). Electrolyte: 0.1 M nBu4NPF6/CH3CN. Working electrode: glassy 

carbon. Reference electrode: Ag wire. Counter electrode: Pt wire. Most positive redox 

featured centered at 0 V is oxidation of ferrocene (Fc). 
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Figure 8. Cyclic voltammograms of [CoLmes][2 OTf] and [ZnLmes][2 OTf] in the presence 

of Ar(g). Electrolyte: 0.1 M nBu4NPF6/CH3CN. Working electrode: glassy carbon. Reference 

electrode: Ag wire. Counter electrode: Pt wire. 

Compared to CoPc, CO2R activity is worse as measured by catalytic current divided 

by current measured in the presence of argon (iCO2R/iAr). The onset potential of CO2R is more 

positive by ~100 mV (Figure 9). Dicationic Co complexes bearing a tetrakis(pyridine) ligand 

possessed 43-fold greater current than the CV in the presence of N2(g) (Table 4). 

Bulk electrolysis was carried out in 0.1 M nBu4NPF6/CH3CN, with CO being the 

major product along with formation of hydrogen and ethylamine (Table 3). Ethylamine is 

generated from electrochemical reduction of CH3CN, consistent with literature reports.34,35 

While molecular electrocatalysts have not been reported carrying out this transformation,36 
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stable acetonitrile-bound CoII macrocycles have been studied.37 [CoLmes][OTf] can 

plausibly allow competitive CH3CN binding given the weak coordination abilities of –OTf.38 

Finally, no MeOH was observed; electrolysis in the presence of CO also did not yield MeOH. 

 

Figure 9. Cyclic voltammograms of [CoLmes][2 OTf] and CoPc. Electrolyte: 0.1 M 

nBu4NPF6/CH3CN. Working electrode: glassy carbon. Reference electrode: Ag wire. 

Counter electrode: Pt wire.  

CONCLUSIONS 

In summary, novel Co complexes CoLtBu and CoLmes yield MeOH at a range of 

potentials, finding the most optimal selectivity (FE = 12%) at –0.7 V vs. RHE in 1 M 

KHCO3(aq); CoPc does not produce MeOH under similar conditions. TOFCO for CoLtBu and 

CoLmes is similar or exceeds that of CoPc. Electrolysis in the presence of CO also leads to 
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formation of MeOH, suggesting CO-bound complexes to be significant intermediates in 

CO2R to MeOH. CO is the exclusive CO2R product in CH3CN; decomposition of solvent is 

evident from observation of ethylamine by 1H NMR. Immobilization onto SWNCTs elevates 

activity for CO generation but does not facilitate MeOH formation in from CO2. These results 

highlight a series of novel compounds facilitating electrochemical CO2R to MeOH, which 

has reportedly been limited exclusively to CoPc. These compounds are currently being 

investigated via X-ray absorption spectroscopy in comparison to previous examples of 

immobilized CO2R electrocatalysts in order to shed light onto electronic properties 

responsible for MeOH generation.28 
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EXPERIMENTAL 
 
General Considerations. CoPc, CoTPP, and 13CO2 (99.9% 13C, <3% 18O) were purchased from 

Millipore Sigma. Deuterated solvents were purchased from Cambridge Isotope Laboratories and used 

as received. The syntheses of [CoLmes][2 OTf], [ZnLmes][2 OTf], [CoLtBu][2 OTf], [CoLmes,open][2 

OTf], [CoLmes][2 Cl] are reported.24 1H and 13C{1H} spectra were recorded on Varian Mercury 300 

MHz or Varian 400 MHz spectrometers at ambient temperatures, unless otherwise denoted. 1H and 

13C{1H} NMR spectra are reported referenced internally to residual solvent peaks reported relative to 

tetramethylsilane. Water suppression for 1H NMR was carried out on a Varian 400 MHz spectrometer 

in samples containing 90% H2O. 

 

Electrochemical measurements of immobilized complexes. All electrochemical measurements 

were carried out using a Biologic VMP3 multichannel potentiostat. CO2R and COR measurements 

were conducted in a gas-tight liquid-electrolyte flow cell. Chronoamperometry experiments were 

carried out in a custom-made PEEK liquid-electrolyte cell similar to the one reported by Sargent and 

co-workers.26 The liquid-electrolyte flow cell consists of three compartments: gas chamber, catholyte 

chamber, and anolyte chamber. The PTFE electrode was sandwiched between CO2 gas chamber and 

catholyte chamber with an exposure area of 0.5 cm–2. Catholyte and anolyte chambers were separated 

by a Selemion AMV anion-exchange membrane (AGC Engineering Co.). The reference electrode 

was calibrated against H+/H2 on Pt in a 0.5 M sulfuric acid solution (0 V vs. RHE) and saturated 

calomel electrode (SCE) (+0.241 V saturated vs. RHE).  An Autolab PGSTAT204 in a potentiostatic 

mode was used as electrochemical workstation. The PTFE electrode, leakless Ag/AgCl electrode 

(Innovative Instruments), and Pt mesh (rinsed with water and annealed with a butane torch) were 

employed as working, reference and counter electrodes, respectively. The applied potentials were 

converted to the reversible hydrogen electrode (RHE) scale with iR correction through the following 

equation: 
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Ecorrected (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR.               (1) 

 

Eapplied in this report is the applied potential without iR compensation. In order to convert from 

potential vs. Ag/AgCl, we use the following relationship: 

 

Eapplied (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210                        (2) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

potentioelectrochemical impedance spectroscopy (PEIS) in the frequency range of 105 – 0.1 Hz with 

an amplitude of 10 mV. The appropriate gas-saturated electrolyte was used as both catholyte and 

anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with the desired gas during the entire electrolysis process. The 

electrolyte flow rate was kept at 10 mL min–1. The flow rate of the gas flowing into the gas chamber 

was kept at 30 sccm by a digital mass flow controller.  

 

Ohmic resistance values were determined with procedures described elsewhere39,40 and employed in 

our prior work26,41,42 PEIS measurements were carried out prior to and after each electrolysis 

experiment to determine the Ohmic resistance of the flow cell and ensure it is unchanged during the 

experiment.43,44 The impedance measurements were carried out at frequencies ranging from 200 kHz 

to 100 MHz. A Nyquist plot was obtained, and in the low-frequency region (containing a Warburg 

element) a line was plotted to determine the value of the intersection with the x-axis, representing the 

Ohmic resistance.39 An average of 3 measurements was taken to calculate the value of R. Typically, 

small resistances were measured, ranging from 4 to 7 Ω. The potentiostat was set to compensate for 

85 % of the Ohmic drop, with the remaining 15 % being compensated for after the measurements.39,40 
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All chronoamperometric experiments were performed for 30 min at 25 °C. Before each electrolysis 

experiment, the carbon paper electrode (38 BC, Fuel Cell Store) was prepared with the catalyst ink 

(see Cathode Preparation below). The entire Ohmic drop was compensated before and after the 

measurement. The effluent gas stream coming from the cell (20 mL min–1) was flowed into the sample 

loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, in Multi Gas 5 configuration) equipped 

with HayeSep D and Molsieve 5A columns. Methane, ethylene, ethane, and carbon monoxide were 

detected by a methanizer-flame ionization detector (FID) and the hydrogen was detected by a thermal 

conductivity detector (TCD). Every 15 minutes, 2 mL of gas was sampled to determine the 

concentration of gaseous products. After electrolysis, the liquid products in the catholyte were 

quantified by 1H NMR spectroscopy (Bruker 400 MHz Spectrometer).  

 

For labeled experiments, 13CO2(g) was introduced to the GDE cell at 10 mL/min for 30 minutes. 

Electrolyte sample was removed, and an NMR sample was prepared to determine the presence of 

13CH3OH (see Preparation of NMR samples). 

 

Cathode Preparation: The preparation of the catalyst ink was adapted from previous work 

investigating supported molecular electrocatalysts.21,28,45 The carbon paper (38 BC, Fuel Cell Store) 

was dried under vacuum on a Schlenk line for 12 h prior to use. 1.0 mg of [Co] was dissolved in 2 

mL of 2-propanol. 2.0 mg of CNTs were added to this solution to form a black suspension, which 

was sonicated for 60 minutes. 120 µL of this ink was drop casted onto 2.5 cm2 carbon paper and 

allowed to dry under ambient conditions for 2 hours.  

 

Electrolyte preparation: Potassium bicarbonate electrolyte (1 M KHCO3(aq)) was prepared by 

sparging an aqueous solution of potassium carbonate (0.5 M K2CO3(aq)) with CO2 for at least 1 hour 
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prior to electrolysis. This process converts K2CO3 into KHCO3 and saturates the electrolyte 

solution with CO2. For isotope labeling experiments the same experimental configurations as 

described above were employed except KH13CO3(aq) solution and 13CO2 were used as the electrolyte 

and CO2 source, respectively. To prepare the 0.1 M KH13CO3(aq) solution, 50 mL of nanopure water 

was sparged with nitrogen for 1 h and was added to potassium hydroxide (0.32 g containing 12.6% 

water) in a Schlenk flask under nitrogen atmosphere. The headspace was evacuated for a few seconds, 

and 13CO2 was introduced. The solution was stirred vigorously for 5 h and an aliquot was extracted 

to make sure the pH was ~7.41 

 

Preparation of NMR samples:41 After electrolysis samples were taken from the catholyte. For 1H 

NMR, 30 μl internal standard solution, consisting of 10 mM DMSO and 50 mM phenol in water, and 

70 μL D2O was added to 0.63 mL electrolyte. The NMR experiments were performed on a Varian 

400 MHz NMR spectrometer, using a presaturation sequence to suppress the water signal. 

 

Electrochemical measurements of homogeneous complexes. All electrochemical measurements 

were carried out using a Biologic VMP3 multichannel potentiostat. All cyclic voltammetry (CV) 

measurements were performed in a three-electrode cell, which consisted of glassy carbon (working; 

3.0 mm diameter), silver wire (reference) and bare platinum wire (counter). Acetonitrile that 

contained 0.1 M (nBu)4NPF6 was used as the electrolyte solution. The ferrocene/ferrocenium (Fc/Fc+) 

redox wave was used as an internal standard for all measurements (1 mM). The glassy carbon 

electrode was polished with alumina paste (0.05 µm, Buehler) and rinsed with nanopure water 

followed by drying under a stream of nitrogen. The platinum wire was flame dried and rinsed with 

acetonitrile prior to use. All solutions for CV were loaded with 3 mL of a 1 mM-solution of [Co] in 

the electrolyte in a 20-mL scintillation vial containing a magnetic stir bar. The solution was sparged 
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with stirring with the appropriate gas (Ar(g) or CO2(g)) for 10 minutes at 25 ºC before performing 

any electrochemical measurements. 

 

Bulk electrolysis experiments measurements were carried out at constant potential in a custom-made 

PEEK flow cell setup similar to the one reported by Ager and co-workers using carbon paper (38 BC) 

as the working electrode, platinum foil as the counter electrode, and Ag/AgCl leakless electrode 

(eDaq) as the reference electrode.46 Concentration of [Co] was 1 mM; concentration of phenol was 

2.0 M. The cathode compartment was separated from the anode compartment by a Selemion AMV 

anion-exchange membrane (AGC Engineering Co.). All potentials were measured versus a leakless 

Ag/AgCl reference electrode (Innovative Instruments) with an outer diameter of 5 mm that was 

inserted into the cathode compartment. The reference electrode was calibrated against 

ferrocenecarboxylic acid in a 0.2 M phosphate buffer solution at pH 7.0 (+0.239 V vs. Ag/AgCl). 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to each electrolysis experiment to determine the Ohmic resistance of the flow cell. The impedance 

measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to measure the 

solution resistance. A Nyquist plot was plotted and in the high-frequency part a linear fit was 

performed, and the axis intersection was calculated. The value of this intersection represents the 

Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typical resistance values ranged from 50 to 80 Ω. Each chronoamperometry experiment was 

performed in triplicate. 

 

All chronoamperometric experiments were performed for 30 min at 25 °C using 100 mM (nBu)4NPF6 

in CH3CN as the electrolyte. The potentiostat was set to compensate for 85 % of the Ohmic drop, 

with the remaining 15% being compensated for after the measurements. The effluent gas stream 

coming from the flow cell (10 mL/min) was flowed into the sample loops of a gas chromatograph 
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(GC-FID/TCD, SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D and 

molecular sieve 5 Å columns. Carbon monoxide was detected by a S4 methanizer-flame ionization 

detector (FID), and the hydrogen was detected by a thermal conductivity detector (TCD). Every 10 

minutes, 2 mL of gas was sampled to determine the concentration of gaseous products.  

 

Preparation of NMR samples: After electrolysis samples were taken from the catholyte. For 1H 

NMR, 30 μL internal standard solution, consisting of 10 mM DMSO and 50 mM phenol in CH3CN, 

and 70 μL of CD3CN was added to 0.63 mL electrolyte. The NMR experiments were performed on 

a Varian 400 MHz NMR spectrometer, using a presaturation sequence to suppress the signal for 

methyl protons (CH3CN). 

 

SUPPLEMENTARY FIGURES/DATA 

Table 2. Selectivity profile from CO2 or CO electrolysis in H-cell 

Complex/
support 

E (V vs. 
RHE) Reagent FEH2 (%) FECO (%) FEMeOH 

(%) Total FE <j> (mA 
cm–2) 

CoPc/ 
MWCNT -0.91 

CO2 40 + 2 44 + 3 1.0 + 0.3 85 + 4 -11.4 + 
0.8 

CO 90 + 2 N/A 0.24 + 
0.01 

90 + 2 -5.0 + 0.7 

[CoLmes][
2 OTf]/ 

MWCNT 
-0.91 

CO2 23 + 1 63 + 1 3.5 + 0.2 90 + 1 -5.1 + 0.5 

CO 90 + 1 N/A 7 + 1 97 + 1 -2.5 + 0.5 

CoTPP/
MWCNT -0.91 

CO2 74 + 3 24 + 1 2.0 + 0.5 100 + 2 -8.8 + 0.6 

CO 85 + 2 N/A 2.3 + 0.1 87 + 2 -4.4 + 0.3 
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Table 3. Selectivity profile from CO2R in 0.1 M nBu4NPF6/CH3CN 

Complex Acid E (V vs. 
Ag/AgCl) 

FEH2 
(%) 

FECO 
(%) 

FEethylamine 
(%) 

Total 
FE (%) 

TOFCO 
(s–1) 

<j> (mA 
cm–2) 

[CoLmes]
[2 OTf] 

 -1.67 16.2 + 
0.5 

81.4 + 
0.3 0 97.6 + 

0.4 0.000045 -3.2 + 0.8 

2.6 M 
PhOH -1.87 12 + 2 80 + 1 6 + 1 98 + 2 0.000058 -4.2 + 0.7 

 
-1.97 6 + 1 75 + 1 10 + 2 91 + 2 0.00012 -9.80 + 

0.001 

[CoLmes]
[2 OTf] 

2.6 M 
CH3C
OOH 

-1.97 80 + 3 4 + 1 0 84 + 3 8.1x10–7 -12 + 1 

[CoLmes]
[2 Cl] 

2.6 M 
PhOH -1.97 6 + 1 86 + 1 1.0 + 0.2 93 + 1 0.00015 -9.8 + 0.5 
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Figure 10. Sample 1H NMR (400 MHz, 10% v/v CD3CN/CH3CN) of electrolyte from Table 

2, entry 1. 

 

Table 4. Comparing current enhancement from CO2R between molecular electrocatalysts. 

Complex 
ECO2R 
(V vs. 
Fc+/0) 

iCO2R/iN2 
[MeOH] 
(mol L–1) 

[CoLmes][2 OTf] -2.4 3.3 1.0 

CoPc -2.5 23.1 1.0 

[Co(py)4][2 X] -2.36 43 4.0 
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Figure 11. Increased vertical scale of 1H NMR from Figure 9.  
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ABSTRACT: We report molecular CO2 reduction (CO2R) electrocatalysts bearing 

novel polyaromatic ligands (2-Re(CO)3Br and 3-Re(CO)3Br) that display lower 

electrocatalytic potential (Ecat) of CO2R to CO by ~310 mV compared to 

tBubpyRe(CO)3Br. Bulk electrolysis experiments reveal improved selectivity for CO at 

600 mV more positive potential than obtained with tBubpyRe(CO)3Br. This study 

demonstrates that molecular electrocatalysts bearing polyaromatic ligands proximal to the 

metal center improve electrocatalytic performance.  
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INTRODUCTION 

Carbon-supported single-atom catalysts (SACs) have demonstrated improved 

electrocatalytic performance, including high selectivity at low overpotentials.1–5 

Description of the actives site as metal centers embedded in a heteroatom-doped graphene 

has been developed from images or spectroscopic data.6 To address limitations in obtaining 

atomic resolution characterization, recent work has investigated molecular mimics of 

SACs which show high performance for electrochemical reduction of CO2 to CO,7–11 the 

typical product for molecular CO2 reduction (CO2R) electrocatalysts.12–16 Modifications to 

2,2’-bipyridine ligand in Lehn complexes with polycyclic aromatic hydrocarbons (PAHs) 

have been reported to lower the potential for CO2R by up to 800 mV (Figure 1).7,9,10 

However, the scarcity of examples with structural diversity of such systems limits 

understanding of the impact conjugated π systems on the catalytic site.  

We set out to prepare ligands with that could enhance electronic communication 

between a catalytic metal center (Re) and an extended π system and to probe their impact 

on for CO2R. Herein, we report complexes based on the Re(bpy)(CO)3 motif supported by 

novel ligand frameworks displaying extended π systems. Constant-potential CO2R 

electrolysis reveals high selectivity for CO up to 600 mV more positive relative to Ecat for 

tBubpyRe(CO)3Br. Density functional theory (DFT) calculations suggest greater 

delocalization across the ligand scaffold in the frontier molecular orbitals (MOs) compared 

to tBubpyRe(CO)3Br, thus leading to CO2R occurring at more positive potentials.  
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Figure 1. Extended π system ligands supporting Re for electrochemical CO2R. 

RESULTS AND DISCUSSION 

Scheme 1. Synthesis of 2-Re(CO)3Br and 3-Re(CO)3Br 

 

Compound 1 was prepared in four steps from diphenylmethane following 

procedures reported by Wagner and co-workers.17–20 2 was prepared via deprotonation of 

1 with n-butyllithium followed by addition of 2,2’-bipyridine-4,4’-dicarbaldehyde 

(Scheme 1).18 2 was converted to 3 using  excess iodine and (+)propylene oxide under UV 

irradiation (75-W arc lamp).18 Metalation of 2 and 3 each with Re(CO)5Br in refluxing 

toluene results in the corresponding metal complexes 2-Re(CO)3Br and 3-Re(CO)3Br.21 

The complexes were purified by recrystallization: 2-Re(CO)3Br from room temperature 
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evaporation of a concentrated C6H6 solution into hexamethyldisiloxane (HMDSO) and 

3-Re(CO)3Br  from room temperature evaporation of hexanes into a concentrated THF 

solution. The solid-state structures confirm the identity of the target molecules (Figure 2). 

The crystal structure of 2-Re(CO)3Br highlights the bipyridine π system conjugated with 

that of the olefins and arenes olefin  and flexibility of the backbone of the ligand at the 

vinylic positions with the two large substituents pointing in, likely broadening the 1H NMR 

resonances (Figure 13). The complex 3-Re(CO)3Br possesses mirror symmetry between 

each silanthracene moiety (Figure 30).17 

	

Figure 2. Solid state structures of (A) 3-Re(CO)3Br  and (B) 2-Re(CO)3Br as determined 

by single-crystal X-ray diffraction. Carbon atoms are black and nitrogen atoms are blue. 

Hydrogen atoms as well as solvent molecules are omitted for clarity. Thermal ellipsoids 

are displayed at 50% probability.  

2-Re(CO)3Br and 3-Re(CO)3Br were investigated by cyclic voltammetry (CV) 

with in a 0.1 M [Nn(Bu)4][PF6] solution in CH3CN. Solutions were sparged with argon to 

remove oxygen. The features observed are similar to those of  tBubpyRe(CO)3Br.21–23 

Scanning to negative potentials from open circuit voltage (100 mV vs. Fc+/0), the CV of 2-

Re(CO)3Br reveals two quasi-reversible reductions (Figure 3), which are assigned as 1) 1-
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electron reduction of the ligand scaffold, and 2) reduction of a halide-dissociated 

complex formed after step 1, resulting in formation of an anionic species, with a five-

coordinate metal center. These assignments are supported by previous work investigating 

infrared spectroelectrochemistry of Lehn complexes.21–23 A third reduction observed at 

more negative potentials is assigned to reduction of bipyridine, similarly reported in 

complexes bearing electron deficient ligands.24,25 A similar electrochemical profile is 

observed for 3-Re(CO)3Br (Figure 4).  

	

Figure 3. CVs of 2-Re(CO)3Br, 3-Re(CO)3Br, and tBubpyRe(CO)3Br (1.5 mM) in CO2-

saturated or Ar-saturated electrolyte (0.1 M [Nn(Bu)4][PF6]/CH3CN) with 0.72 M MeOH 

or 0 M MeOH at 200 mV/s scan rate. Working electrode: glassy carbon rod (3 mm 

diameter), reference electrode: Ag/AgCl wire, and counter electrode: Pt wire. Scan rate: 

200 mV/s. Potentials referenced to 1 mM ferrocene0/+ (Fc0/+) redox couple. 
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Sparging the electrochemistry solutions of each 2-Re(CO)3Br and 3-

Re(CO)3Br with CO2 and introducing MeOH reveals an enhancement in current at 

negative potentials (Figure 3 and 5), demonstrating electrocatalytic CO2R (Figure 2). As 

[MeOH] increased, the onset potential became more positive, suggesting a dependence of 

the onset potential of CO2R on the proton concentration (Figure 5).9,26 In 0.72 M MeOH, 

the onset potential and half-wave potential (Ecat/2) of 2-Re(CO)3Br are more positive than 

that of tBubpyRe(CO)3Br by ~310 mV (Figure 3). While different electrolyte conditions 

can complicate comparison, 2-Re(CO)3Br and 3-Re(CO)3Br, possess among the most 

positive values of Ecat/2 relative to published molecular CO2R electrocatalysts (Table 1).27–

32 The Re-hexabenzocoronene complex reported by Li and co-workers 

(bpyHBCRe(CO)3Cl) catalyzes CO2R at the most positive potential (–1.04 V vs. Fc+/0).7 

The lower onset potentials observed for 2-Re(CO)3Br and 3-Re(CO)3Br relative to 

tBubpyRe(CO)3Br are likely due to combined electron-withdrawing effects from the vinyl-

silanthracene moiety and greater delocalization imparted by the polyaromatic framework. 

Despite the polyaromatic ligand in 3-Re(CO)3Br, the onset potential is not significantly 

more positive than that of 2-Re(CO)3Br; the number of π-electrons is the same for both 

compounds. Additionally, the lack of energetically accessible orbitals for reduction in the 

dimethylsilane moiety precludes further reduction of the extended π system.17  
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Figure 4. CVs of 2-Re(CO)3Br (blue), 3-Re(CO)3Br (orange), and tBubpyRe(CO)3Br 

under Ar(g). 

 

 

 
Figure 5. CVs of 2-Re(CO)3Br with various [MeOH] under CO2(g) or Ar(g). 

 

 
 
 
 
 
 
 



 197 

Table 1. Comparing Ecat/2 derived from cyclic voltammetry between molecular 
CO2R catalysts  

Authors Complex Electrolyte 
Proton 

source 

Ecat/2 (V 

vs. Fc+/0)a 

 

This work 2-Re(CO)3Br 
0.1 M 

(nBu)4PF6/CH3CN 
0.72 M 
MeOH -1.47  

This work 3-Re(CO)3Br 0.1 M 
(nBu)4PF6/CH3CN 

0.72 M 
MeOH 

-1.53  

This work tBubpyRe(CO)3Br 0.1 M 
(nBu)4PF6/CH3CN 

0.72 M 
MeOH -1.78  

Li and co-
workers7 bpyHBCRe(CO)3Cl 0.1 M 

(nBu)4PF6/THF 
1.2 M 
MeOH -1.04  

Welch and co-
workers9 

Re(py-C0-NPDI) 0.1 M 
(nBu)4PF6/DMF 

0.5 M 
CF3CH2OH 

-2.08  

Kubiak and co-
workers22 

tBubpyRe(CO)3Cl 0.1 M 
(nBu)4PF6/CH3CN 1 M PhOH -1.85    

Kubiak and co-
workers22 

4,4’-
CF3bpyRe(CO)3Cl 

0.1 M 
(nBu)4PF6/CH3CN 1 M PhOH -2.5    

McCrory and co-
workers29 

[Co(PDI-PyCH3I)]+ 0.1 M 
(nBu)4PF6/CH3CN 

11 M H2O -1.55  

Marinescu and 
co-workers27 [Co(py)4]2+ 0.1 M 

(nBu)4PF6/DMF 
1.2 M 

CF3CH2OH -2.2  

Deronzier and 
co-workers25 dmbpyMn(CO)3Cl 0.1 M 

(nBu)4ClO4/CH3CN 2.8 M H2O -1.78  

Kubiak and co-
workers30 

[bpymesMn(CO)3NC
CH3][OTf] 

0.1 M 
(nBu)4PF6/CH3CN 

0.12 M 
Mg(OTf)2 

-1.5   

Savéant and co-
workers26 FeTDHPP 0.1 M 

(nBu)4PF6/DMF 2 M H2O -2.0  

Peters and co-
workers28 [CoIIIN4H(Br)2]+ 0.1 M 

(nBu)4PF6/CH3CN 10 M H2O -1.68  

aOnset potential 
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Comparing the apex of the catalytic waves reveals that the value of the 

catalytic current (|icat|) is significantly lower for 2-Re(CO)3Br and 3-Re(CO)3Br 

than tBubpyRe(CO)3Br (Figure 3). Electrocatalysis with molecular systems 

occurring at lower overpotential has often led to decrease in |icat|.7,22,31–35 The greater 

delocalization provided by the extended π system in 2-Re(CO)3Br and 3-

Re(CO)3Br renders the Re center less nucleophilic, thus attenuating the reactivity 

with CO2 and the rate of CO2R.7 

Bulk electrolysis experiments confirm that CO is the exclusive CO2R product for 

all Re complexes tested in the presence of MeOH at –2.2 V vs. Fc+/0, with no detectable H2 

(Figure 6 and Table 2). Electrolysis experiments were also carried out at more positive 

potentials. The Faradaic efficiency for CO (FECO) when employing tBubpyRe(CO)3Br is 

lower compared to either 2-Re(CO)3Br  or 3-Re(CO)3Br  at –1.6 V vs. Fc+/0 (39% vs. 

90%) in addition to having a lower partial current density for CO (|jCO|, 0.08 mA cm–2 vs. 

0.54 mA cm–2) by a factor of 6.8. These data indicate that the extended π system ligands 

improve CO2R performance over state-of-the-art tBubpyRe(CO)3Br at more positive 

potentials.  
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Figure 6. FECO at different applied potentials for each Re complex. Bulk electrolysis 

carried out for 30 minutes with 1.5 mM [Re] and 0.72 M MeOH. Error bars represent 

standard deviations from triplicate measurements. 

 To understand how structure impacts the electronic structure, DFT calculations 

were carried out. Model structures were analyzed, where hydrogen atoms were employed 

instead of tert-butyl groups and chloride instead of bromide (heretofore labeled as 2H-

Re(CO)3Cl and 3H-Re(CO)3Cl, respectively). Each structure was optimized using B3LYP 

functionals.36 LANL2DZ basis set was employed for the Re atom37–39 and 6-311G(d,p) for 

all other atoms (Figures 19-29).37,40 

The LUMOs of 2H-Re(CO)3Cl and 3H-Re(CO)3Cl reveal orbital contributions 

from the bipyridine ligand and little contribution from Re (0.8% and 0.5%, respectively), 

with the orbitals on 3H-Re(CO)3Cl delocalized more extensively on the extended π system 

(Figure 7). A similar phenomenon is observed in the LUMO of tBubpyRe(CO)3Cl, but 

greater contribution from Re is evident (3.0%). The most positive reduction event has been 
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previously assigned in tBubpyRe(CO)3Br as ligand-based,23,41 and the ligand-based  

nature of the LUMOs from 2H-Re(CO)3Cl and 3H-Re(CO)3Cl are consistent with a similar 

phenomenon in the compounds reported herein. The positive shift in the redox features for 

2-Re(CO)3Br and 3-Re(CO)3Br relative to tBubpyRe(CO)3Br (Figure 4) are explained in 

terms of the former species exhibiting more extended π systems for the nitrogen-containing 

ligands making them easier to reduce by affording greater delocalization of the reduced 

state.7,9,10 HOMO and  HOMO-1 are exclusively Re-based, with dxz and dyz parentage, 

consistent to previous reports.9,41  

	
	

Figure 7. LUMOs of 2-ReCl, 3-ReCl, and tBubpyRe(CO)3Cl. Isovalues set to 0.02. 

 

The redox states proposed in the mechanism of CO2R,23,41 1-electron reduced, 

halide-dissociated and 2-electron reduced halide-dissociated, were investigated 

computationally. The significant delocalization onto the bipyridine ligand in the HOMOs 

of [2H-Re(CO)3]– and [3H-Re(CO)3]– suggests that the metal center is less nucleophilic 
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relative to [tBubpyRe(CO)3]–, thus leading to attenuated CO2R activity.7,10,22 This 

phenomenon explains the lower |icat| for 2-Re and 3-Re compared to tBubpyRe(CO)3Br 

(Figure 2). 

CONCLUSIONS 

In summary, we report Lehn complexes displaying novel conjugated polyaromatic 

ligands. CV studies demonstrate lower onset potential for CO2R relative to 

tBubpyRe(CO)3Br. Bulk electrolysis experiments show high selectivity for CO (FECO = 

80%) and 6.8 fold increase in CO2R activity at potentials up to 600 mV more positive than 

the optimal potential for tBubpyRe(CO)3Br. DFT studies suggest that this improved 

electrochemical performance is due to significant electron delocalization over the π-

conjugated ligand.  
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EXPERIMENTAL 

Materials and Methods 
 
General Considerations. Unless otherwise specified, all operations involving air- or water-sensitive 

reagents were carried out in an MBraun drybox under a nitrogen atmosphere or using standard 

Schlenk and vacuum line techniques. Glassware was oven-dried at 140 ºC for 2 h prior to use on the 

Schlenk line or in the MBraun drybox. Tetrahydrofuran (THF), diethyl ether (Et2O) , toluene, pentane, 

and hexanes for air- and moisture-sensitive reactions were dried by the method of Grubbs.40 Dry N,N-

dimethylformamide (DMF) was purchased from Millipore Sigma and cannula transferred to freshly-

activated 3 Å molecular sieves and stored in a Teflon-sealed Schlenk tube under N2 atmosphere for 

12 hours prior to use. Deuterated solvents were purchased from Cambridge Isotope Laboratories and 

CDCl3 was used as received. C6D6 was dried with Na/benzophenone and vacuum transferred once 

the solution was purple. Bis(4-(tert-butyl)phenyl)methane, bis(2-bromo-4-(tert-

butyl)phenyl)methane were prepared following literature procedures20,19, 3,7-di-tert-butyl-5,5-

dimethyl-5,10-dihydrodibenzo[b,e]siline, and 1 were each prepared following literature procedures.17 

tBubpyRe(CO)3Br was prepared following a reported procedure, but Re(CO)5Br was used instead of 

Re(CO)5Cl.21 All solvents, once dried and degassed, were stored under a nitrogen atmosphere over 

activated 3 Å molecular sieves. 1H, and 13C{1H} spectra were recorded on Varian Mercury 300 MHz 

or Varian 400 MHz spectrometers at ambient temperatures, unless otherwise denoted. 1H and 13C{1H} 

NMR spectra are reported referenced internally to residual solvent peaks reported relative to 

tetramethylsilane. Gas chromatography-mass spectrometry (GC-MS) were performed on an Agilent 

6890A instrument using a HP-5MS column (30 m length, 0.25 mm diameter, 0.50 μm film) and an 

Agilent 5973N mass-selective EI detector. Infrared (IR) spectra were collected on a Thermo Fischer 

Nicolet 6700 FTIR spectrometer. Absorption spectra were recorded on a Varian Cary Bio 50 

spectrophotometer. Fast atom bombardment-mass spectrometry (FAB-MS) analyses were performed 
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with a JEOL JMS-600H high resolution mass spectrometer. Photolyses were conducted using an 

Oriel Instruments arc lamp housing and a Osram 75 W Xe arc lamp set to a current of 5.4 A 

 

Electrochemical measurements. All electrochemical measurements were carried out using a 

Biologic VMP3 multichannel potentiostat. All cyclic voltammetry (CV) measurements were 

performed in a three-electrode cell, which consisted of glassy carbon (working; 3.0 mm diameter), 

silver wire (reference) and bare platinum wire (counter). Dry acetonitrile that contained 100 mM 

(nBu)4NPF6 was used as the electrolyte solution. The ferrocene/ferrocenium (Fc/Fc+) redox wave was 

used as an internal standard for all measurements (1 mM). The glassy carbon electrode was polished 

with alumina paste (0.05 µm, Buehler) and rinsed with nanopure water followed by drying under a 

stream of nitrogen. The platinum wire was flame dried and rinsed with acetonitrile prior to use. All 

solutions for CV were loaded with 5 mL of a 1.5 mM-solution of [Re] in the electrolyte in a 20-mL 

scintillation vial containing a magnetic stir bar. The solution was sparged with stirring with the 

appropriate gas (Ar(g) or CO2(g)) for 10 minutes at 25 ºC with stirring before performing any 

electrochemical measurements. 

 

Bulk electrolysis experiments measurements were carried out at constant potential in a custom-made 

PEEK flow cell setup similar to the one reported by Ager and co-workers using a glassy carbon plate 

as the working electrode and a platinum foil as the counter electrode.41 Concentration of [Re] was 1.5 

mM; concentration of MeOH was 0.72 M. The cathode compartment was separated from the anode 

compartment by a Selemion AMV anion-exchange membrane (AGC Engineering Co.). All potentials 

were measured versus a leakless Ag/AgCl reference electrode (Innovative Instruments) with an outer 

diameter of 5 mm that was inserted into the cathode compartment. The reference electrode was 

calibrated against ferrocenecarboxylic acid in a 0.2 M phosphate buffer solution at pH 7.0 (+0.239 V 

vs. Ag/AgCl). Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were 
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carried out prior to each electrolysis experiment to determine the Ohmic resistance of the flow 

cell. The impedance measurements were carried out at frequencies ranging from 200 kHz to 100 MHz 

to measure the solution resistance. A Nyquist plot was plotted and in the high-frequency part a linear 

fit was performed, and the axis intersection was calculated. The value of this intersection represents 

the Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of 

R. Typical resistance values ranged from 50 to 80 Ω. Each chronoamperometry experiment was 

performed in triplicate. 

 

All chronoamperometric experiments were performed for 30 min at 25 °C using 100 mM (nBu)4NPF6 

as the electrolyte. The potentiostat was set to compensate for 85 % of the Ohmic drop, with the 

remaining 15% being compensated for after the measurements. The effluent gas stream coming from 

the flow cell (10 mL/min) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, 

SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D and molecular sieve 5 Å 

columns. Carbon monoxide was detected by a S4 methanizer-flame ionization detector (FID), and 

the hydrogen was detected by a thermal conductivity detector (TCD). Every 10 minutes, 2 mL of gas 

was sampled to determine the concentration of gaseous products.  
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Synthesis 

 

 
 

In an inert atmosphere glove box, a 100-mL Schlenk tube fitted with a screw-in Teflon stopper was 

charged with 1 (626 mg, 1.53 mmol) and 30 mL of THF. N-butyllithium (0.61 mL 1.53 mmol) was 

added dropwise via syringe at room temperature, resulting in a red solution. The flask was sealed and 

heated under N2 flow at 50 ºC for 4 h. The flask was cooled to room temperature, sealed, and brought 

back into the glove box. 2,2’-bipyridine-4,4’-dicarbaldehyde (195 mg, 0.92 mmol) was suspended in 

THF and added to the Schlenk tube at room temperature. The flask was sealed and heated under N2 

flow to reflux for 12 h, causing the suspension to turn orange. The reaction was quenched with water 

and allowed to stir for 30 min at room temperature. Dichloromethane was added to the mixture to 

partition the organic and aqueous layers. The organic layer was washed with water (6 x 25 mL), brine 

(2 x 25 mL) and dried with magnesium sulfate. The volatiles were removed on the rotary evaporator, 

and the orange oil was purified via silica gel column chromatography (15% EtOAc/Hexanes). The 

white solid 2 was dried at 60ºC under vacuum for 12 h and brought into the glove box (200 mg, 26% 

yield). 1H NMR (400 MHz, CDCl3) d = 8.42 (app d, 2H, ArH), 8.38 (br s, 1H, ArH), 7.70 (app d, 2H, 

ArH), 7.66 (br s, 2H, ArH), 7.50 (dd, 2H, ArH), 7.17 (s, 2H, ArH), 7.15 (d, 2H, ArH), 6.94 (s, 2H, 

ArH), 6.92 (s, 2H, ArH), 1.39 (s, 18H, -C(CH3)3), 1.34 (s, 18H, -C(CH3)3), 0.59 (br s, 12H, -Si(CH3)3). 

13C{1H} NMR (101 MHz, CDCl3) δ 155.77 (aryl-C), 152.41 (aryl-C), 151.23 (aryl-C), 150.27 (aryl-

C), 148.87 (aryl-C), 145.14 (aryl-C), 142.65 (aryl-C), 139.73 (aryl-C), 138.39 (aryl-C), 136.77 (aryl-

C), 134.74 (aryl-C), 130.32 (aryl-C),  129.68 (aryl-C),  129.31 (aryl-C),  127.52 (aryl-C), 126.89 

(aryl-C), 124.84 (aryl-C), 124.07 (aryl-C), 123.03 (aryl-C),  34.99 (-C(CH3)3),  34.88 (-C(CH3)3), 

Me2Si

tBu

tBu

SiMe3

1) 1.05 nBuLi,
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2) 0.6
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34.50 (-C(CH3)3), 29.85 (-C(CH3)3), -1.08 (-Si(CH3)3). HRMS (FAB+) m/z Calcd. for [M + H+] 

C58H68N2Si2 849.5012., found 849.5033. 

 
 
 
 
 
 

  
Figure 9. 1H NMR spectrum (400 MHz, CDCl3) of 2. 
 
 
 
 

 
Figure 10. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 2. 
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In an inert-atmosphere glovebox, a 50-mL quartz Schlenk tube fitted with a screw-in Teflon stopper 

was charged with 2 (50 mg, 0.059 mmol) dissolved in toluene (50 mL). To this mixture was added 

(+) propylene oxide (0.6 mL, 8.9 mmol). Under positive N2 on the Schlenk line, iodine (90 mg, 0.35 

mmol) was added to form a ruby-colored solution. The reaction vessel was sealed and stirred at room 

temperature under UV irradiation for 20 h. The reaction mixture was quenched with saturated 

Na2S2O3(aq) to form a yellow solution. The organic layer was separated, washed with water (3 x 10 

mL), brine (1 x 5 mL), dried over magnesium sulfate. Volatiles were removed from the filtrate on the 

rotary evaporator to yield a yellow oil. Purification via silica gel column chromatography was carried 

out with 30% EtOAc/hexanes eluent, yielding 3. The yellow solid was heated under vacuum at 60ºC 

for 12 h and stored in a glove box for further chemistry. (25 mg, 50%).1H NMR (400 MHz, CDCl3) 

d = 10.21 (s, 2H, ArH), 9.09 (s, 2H, ArH), 9.01 (s, 2H, ArH), 8.60 (s, 2H, ArH), 8.25 (d, 2H, ArH), 

8.06 (s, 2H, ArH), 7.78 (s, 2H, ArH), 7.66 (s, 2H, ArH), 1.58 (s, 18H, C(CH3)3), 1.45 (s, 18H, -

C(CH3)3), 0.56 (s, 12H, -Si(CH3)3). 13C{1H} NMR (101 MHz, CDCl3). d = 154.90 (aryl-C), 152.42 

(aryl-C), 151.23 (aryl-C), 150.27 (aryl-C), 148.87 (aryl-C), 145.14 (aryl-C), 142.65 (aryl-C), 140.71 

(aryl-C), 139.74 (aryl-C), 138.39 (aryl-C), 135.71 (aryl-C), 134.74 (aryl-C), 130.01 (aryl-C),  129.61 

(aryl-C), 127.53 (aryl-C), 126.47 (aryl-C), 122.84 (aryl-C), 31.29 (-C(CH3)3), 31.09 (-C(CH3)3), 23.03 

(-C(CH3)3), 22.85 (-C(CH3)3), -1.08 (-Si(CH3)2). HRMS (FAB+) m/z Calcd. for [M + H+] C58H64N2Si2 

845.4686, found 845.4672. 
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Figure 11. 1H NMR spectrum (400 MHz, CDCl3) of 3. 
 
 
 
 
 

 
Figure 12. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 3. 
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In an inert-atmosphere glove box, a 50-mL Schlenk flask fitted with a screw-in Teflon stopper was 

charged with 2 (50 mg, 0.058 mmol) and 15 mL toluene. Pentacarbonylbromorhenium(I) (24 mg, 

0.058 mmol) was added to the flask via suspension in toluene. The flask was sealed, brought out of 

the box, and heated to reflux under N2 flow for 12 h, resulting in a red homogeneous solution. The 

volatiles were removed under reduced pressure, and the red-yellow solid was lyophilized with 

benzene. X-ray quality single crystals were grown from slow evaporation of benzene into 

hexamethyldisiloxane at room temperature, yielding 2-Re(CO)3Br (73%, 50.8 mg). 1H NMR (400 

MHz, CDCl3) d = 8.16 (br s, 2H, ArH), 8.03 (s, 2H, ArH), 7.88 (br s, 4H, ArH), 7.79 (s, 2H, ArH), 

7.68 (d, 4H, ArH), 7.10 (br mult, 2H, ArH), 6.95 (br mult, 2H, ArH), 6.69 (s, 2H, ArH), 6.58 (s, 2H, 

vinyl-H), 1.38 (s, 18H, -C(CH3)3), 1.21 (s, 18H, -C(CH3)3), 0.57 (br s, 12H, -Si(CH3)3). 13C NMR 

(101 MHz, CDCl3) d = 196.97 (-CO) 192.34 (-CO), 152.41 (aryl-C), 151.22 (aryl-C), 150.27 (aryl-

C), 148.87 (aryl-C), 145.12 (aryl-C), 142.64 (aryl-C), 139.72 (aryl-C), 138.39 (aryl-C), 136.77 (aryl-

C), 134.72 (aryl-C), 130.21 (aryl-C), 129.70 (aryl-C), 129.30 (aryl-C), 127.52 (aryl-C), 126.90 (aryl-

C), 126.46 (aryl-C), 125.31 (aryl-C), 124.05 (aryl-C), 123.03 (aryl-C), 34.98 (-C(CH3)3), 34.87 ((-

C(CH3)3), 31.21 (-C(CH3)3), 29.84 (-C(CH3)3), 0.90 (-Si(CH3)3) , -1.09 (-Si(CH3)3).  Anal. calcd. (%) 

for C61H68BrN2O3ReSi2: C, 61.08; H, 5.71; N, 2.34. Found: C, 61.20; H, 5.81; N, 2.15.  
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Figure 13. 1H NMR spectrum (400 MHz, CDCl3) of 2-Re(CO)3Br. 
 
 
 
 
 
 
 

 
Figure 14. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 2-Re(CO)3Br. 
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In an inert-atmosphere glove box, a 50-mL Schlenk flask fitted with a screw-in Teflon stopper was 

charged with 3 (25 mg, 0.029 mmol) and 15 mL toluene. Pentacarbonylbromorhenium(I) (12 mg, 

0.029 mmol) was added to the flask via a suspension in toluene. The flask was sealed, brought out of 

the box, and heated to reflux under N2 counterflow for 12 h. The volatiles were removed under 

reduced pressure, and the red-yellow solid was lyophilized with benzene. X-ray quality single crystals 

were grown from slow diffusion of hexanes into a saturated THF solution of the crude material at 

room temperature, yielding 3-Re(CO)3Br (72%, 20.8 mg). 1H NMR (400 MHz, CDCl3) d = 8.16 (br 

s, 2H, ArH), 8.03 (s, 2H, ArH), 7.88 (br s, 4H, ArH), 7.79 (s, 2H, ArH), 7.68 (d, 4H, ArH), 7.10 (br 

mult, 2H, ArH), 6.95 (br mult, 2H, ArH), 6.69 (s, 2H, ArH), 6.58 (s, 2H, vinyl-H), 1.38 (s, 18H, -

C(CH3)3), 1.21 (s, 18H, -C(CH3)3), 0.57 (br s, 12H, -Si(CH3)3). 13C NMR (101 MHz, CDCl3) d = 

192.59 (-CO) 187.78 (-CO), 154.96 (aryl-C), 150.28 (aryl-C), 148.42 (aryl-C), 147.76 (aryl-C), 

145.14 (aryl-C), 143.37 (aryl-C), 140.56 (aryl-C), 139.74 (aryl-C), 139.10 (aryl-C), 138.40 (aryl-C), 

135.60 (aryl-C), 134.04 (aryl-C), 131.07 (aryl-C), 130.43 (aryl-C), 128.67 (aryl-C), 127.51 (aryl-C), 

126.13 (aryl-C), 125.46 (aryl-C), 122.84 (aryl-C), 31.59 (-C(CH3)3), 29.86 (-C(CH3)3), 22.49 ((-

C(CH3)3), 14.22 (-C(CH3)3), 2.13 (-Si(CH3)3) , -1.08 (-Si(CH3)3). calcd. (%) for C61H64BrN2O3ReSi2: 

C, 61.29; H, 5.40; N, 2.34. Found: C, 61.34; H, 5.70; N, 2.45.  
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Figure 15. 1H NMR spectrum (400 MHz, CDCl3) of 3-Re(CO)3Br. 
 
 
 
 
 
 

 
Figure 16. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 3-Re(CO)3Br. 
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SUPPLEMENTARY FIGURES/DATA 

 
Figure 17. FT-IR spectrum of 2-Re(CO)3Br in CHCl3. 

 
Figure 18. FT-IR spectrum of 3-Re(CO)3Br in CHCl3. 
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Table 2. Selectivity profiles from bulk CO2 electrolysis experiments  

Complex 
Applied potential 

(V vs. Fc0/+) 
FECO (%) FEH2 (%) 

Current (mA 

cm–2) 

2-Re(CO)3Br 

–2.2 95 + 2 0 -1.0 + 0.1 

–1.7 92 + 1 0 -0.6 + 0.1 

–1.6 80 + 1 0 -0.04 + 1 

3-Re(CO)3Br 

–2.2 95 + 2 0 -1.0 + 0.3 

–1.7 90 + 2 0 -0.4 + 0.1 

–1.6 79 + 1 0 -0.03 + 0.01 

tBubpyRe(CO)3Br 
  

–2.2 98 + 2 0 -1.4 + 0.2 

–1.7 64 + 2 30 + 5 -0.2 + 0.1 

–1.6 39 + 3 55 + 5 -0.02 + 0.01 
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Density Functional Theory (DFT) Calculations 
 
All computations were performed using ORCA software42 version 4.1.2 on the High-Performance 

Computing Cluster at Caltech. Geometry optimizations and orbital energies were calculated using the 

B3LYP functional34 and the LANL2DZ basis set for Re and 6-311G(d,p) basis set for all other 

atoms.35 UV-vis spectra and first 50 excited states thereof were computed via time-dependent DFT 

calculations with the CAM-B3LYP/LANL2DZ level of theory.43 Orbitals and optimized structures 

were visualized with the Avogadro software.44 The input files for the initial optimizations of the 

neutral-state complexes were generated from their respective X-ray crystal structures. In each Re 

complexes, bromine was replaced with chlorine and tert-butyl groups were replaced with hydrogen 

atoms for simplification (e.g., 2-Re becomes 2-ReCl). Isovalues for all orbital representations are set 

to 0.02. 

 

 
 
Figure 19. Optimized structures of 3H-Re(CO)3Cl (left) and 2H-Re(CO)3Cl (right). 
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Figure 20. Optimized structures of 3H-Re(CO)3 (left) and 2H-Re(CO)3 (right). 

 

 

 

 

 
Figure 21. Frontier molecular orbitals for 3H-Re(CO)3Cl.  
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Figure 22. Frontier molecular orbitals for 2H-Re(CO)3Cl.  
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Figure 23. Frontier molecular orbitals for 3H-Re(CO)3.  

 

 
Figure 24. Frontier molecular orbitals for [3H-Re(CO)3]–.  

 
 
 
 



 219 

 
Figure 25. Frontier molecular orbitals for 2H-Re(CO)3.   
 



 220 

 
Figure 26. Frontier molecular orbitals for [2H-Re(CO)3]–.  
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Figure 27. Frontier molecular orbitals for bpytBuRe(CO)3Cl.  
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Figure 28. Frontier molecular orbitals for bpytBuRe(CO)3. 
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Figure 29. Frontier molecular orbitals for [bpytBuRe(CO)3]–.  
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Table 3: Coordinates for 3H-Re(CO)3Cl:                   
  Re        1.44600       10.53700       11.65600 
  Cl        1.07900        9.16100        9.45500 
  Si       10.01100        6.22400       13.13100 
  Si        2.20700       18.96400        6.68700 
   N        3.52700        9.99100       11.39300 
   N        2.25100       12.08400       10.35400 
   O       -1.44100       11.58600       11.61700 
   O        1.99600       11.99400       14.28100 
   C        7.52800        7.28200       12.21700 
   C        5.47100        8.60500       11.77200 
   O        0.65200        8.04000       13.27700 
   C        8.24300        8.11000       11.24300 
   C        8.15200        6.30200       13.01500 
   C       10.15100        8.45800        9.66400 
   H        9.53800        8.86700        9.06400 
   C        6.13900        7.49800       12.43100 
   C        3.46100       13.96900        8.67000 
   C        9.67700        7.88200       10.86900 
   C        6.23100        9.45400       10.93200 
   C        5.59100       10.55100       10.32200 
   H        6.07700       11.11600        9.73200 
   C        4.16400       12.85600        9.15600 
   H        5.07100       12.73000        8.90200 
   C        7.60600        9.16900       10.68200 
   H        8.09400        9.74200       10.10200 
   C        2.12400       14.13500        9.06000 
   C       -0.36200       11.17400       11.65500 
   C        4.27600       10.80300       10.57800 
   C       10.58800        7.18600       11.67900 
   C        4.11800        8.93900       11.94500 
   H        3.59000        8.37200       12.49500 
   C       11.50600        8.43100        9.35500 
   H       11.79500        8.81200        8.53400 
   C        0.12100       15.57800        9.08600 
   H       -0.31800       14.90800        9.59600 
   C        3.56400       11.94400        9.99300 
   C        1.57200       13.17100        9.88600 
   H        0.66400       13.27200       10.14300 
   C        2.09600       16.31300        7.82200 
   C        4.08700       14.93500        7.83000 
   H        4.98400       14.77900        7.56100 
   C        5.41600        6.65700       13.32500 
   H        4.47700        6.77500       13.41000 
   C        1.43100       15.32500        8.63100 
   C        3.47700       16.06700        7.39200 
   C        0.92800        9.01200       12.68300 
   C        1.40000       17.53300        7.55000 
   C       12.46100        7.86000       10.21000 
   C       -0.55300       16.75300        8.82500 
   C        4.28800       17.00900        6.55500 
   C        3.90400       18.32000        6.25400 
   C        0.12000       17.70500        8.02700 
   H       -0.33600       18.50800        7.80800 
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   C        7.40300        5.54800       13.91000 
   H        7.85100        4.90300       14.44400 
   C        6.02800        5.69100       14.06100 
   C        1.78900       11.45100       13.26600 
   C       11.93200        7.21000       11.32100 
   H       12.54000        6.74400       11.88200 
   C        6.04700       18.80800        5.15300 
   C        4.79200       19.17300        5.57400 
   H        4.50400       20.06000        5.39300 
   C        1.23500       19.45300        5.16600 
   H        1.04900       18.65600        4.62700 
   H        1.75700       20.09100        4.63600 
   H        0.39000       19.86900        5.43800 
   C        6.40900       17.48100        5.39800 
   H        7.25400       17.16300        5.10100 
   C        5.54200       16.61000        6.07500 
   H        5.81700       15.71200        6.21500 
   C       10.50900        7.03700       14.72000 
   H       10.10100        7.92600       14.77500 
   H       11.48500        7.12300       14.75100 
   H       10.20600        6.49100       15.47600 
   C       10.59700        4.47800       13.04600 
   H       10.13000        3.94400       13.72200 
   H       11.56200        4.44900       13.21400 
   H       10.40900        4.11400       12.15600 
   C        2.31900       20.42200        7.86100 
   H        1.43400       20.60500        8.24000 
   H        2.63500       21.21100        7.37300 
   H        2.94700       20.21200        8.58400 
   H        5.46400        5.05500       14.74100 
   H       -1.55300       16.93700        9.21400 
   H        6.71800       19.50900        4.65900 
   H       13.53100        7.92100       10.01900 
* 
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Table 4: Coordinates for 2H-Re(CO)3Cl:     
  Re       -2.07000        3.99100       11.97400 
  Cl       -4.17600        5.49600       11.66600 
  Si        2.70000       10.01100        6.30200 
  Si       -3.49600        2.02600        2.55800 
   N       -1.35900        5.15200       10.31200 
   N       -2.72000        2.91300       10.19600 
   O       -3.34800        2.06700       13.99400 
   C       -3.56700        0.77700        6.59300 
   H       -4.24700        0.12600        6.71900 
   C       -1.82300        4.83000        9.07300 
   C       -3.06400        0.79900        5.34600 
   C       -0.88600        6.84900        8.08300 
   O       -0.94200        5.79100       14.20200 
   C        0.17300        9.27600        5.32400 
   C        1.62000       10.33400        7.80700 
   C       -3.61400       -0.15400        4.34400 
   C       -0.64700        7.59500        6.88400 
   H       -0.94500        7.17400        6.08600 
   C       -0.06400        8.80400        6.70500 
   C       -2.78200        2.86900        7.79200 
   H       -2.64300        3.32100        6.96800 
   C        1.40200        9.87800        4.97800 
   C        1.92900       11.22300        8.84000 
   H        2.78500       11.63500        8.84200 
   C       -1.61200        5.63700        7.98100 
   H       -1.96100        5.37500        7.13700 
   C        0.34600        9.73300        7.80600 
   C       -3.27300        1.56600        7.80100 
   C       -3.80200        0.23200        3.00400 
   C       -0.57900        6.24300       10.40300 
   H       -0.21300        6.45900       11.25300 
   C        0.24700        2.66200        5.24600 
   H        1.04000        2.70800        5.76800 
   C       -0.78500        1.82400        5.65500 
   H       -0.69400        1.32300        6.45800 
   C       -2.49700        3.50700        8.99800 
   C       -1.95700        1.71000        4.89800 
   C       -0.28100        7.06400        9.34300 
   H        0.33500        7.77900        9.45600 
   C       -4.46100       -2.05600        2.42500 
   C       -0.56800       10.09500        8.78900 
   H       -1.44200        9.72200        8.76700 
   C       -2.87000        2.83100       13.25600 
   C       -1.00900        3.26700        3.31800 
   H       -1.09100        3.76100        2.51000 
   C       -2.04600        2.40800        3.68300 
   C        0.15000        3.43300        4.09200 
   C       -3.91000       -1.46200        4.71300 
   H       -3.82800       -1.72200        5.62300 
   C       -0.81200        9.12500        4.34000 
   H       -1.64000        8.71900        4.57000 
   C       -4.22000       -0.73400        2.07800 
   H       -4.34300       -0.47200        1.17300 



 227 
   C        1.03900       11.53300        9.86700 
   C        3.61500        8.40000        6.45200 
   H        4.31400        8.48300        7.13400 
   H        4.02500        8.17600        5.59000 
   H        2.98900        7.69100        6.71000 
   C       -0.24100       10.98200        9.79700 
   H       -0.89300       11.21800       10.44600 
   C        1.59300       10.30100        3.65500 
   H        2.42000       10.70200        3.41700 
   C       -1.40200        5.11800       13.39800 
   C        0.59800       10.15100        2.66200 
   C       -3.25700        1.68300       10.20300 
   H       -3.44700        1.27000       11.03700 
   C       -4.32700       -2.40600        3.75800 
   H       -4.52000       -3.29500        4.03100 
   C       -3.54200        0.99700        9.03800 
   H       -3.92600        0.12900        9.08400 
   C        3.89000       11.41500        6.01600 
   H        3.38800       12.24200        5.85800 
   H        4.44700       11.21700        5.23400 
   H        4.46200       11.52500        6.80400 
   C       -0.60700        9.55000        3.04900 
   H       -1.29600        9.43300        2.40500 
   C       -4.97900        3.08500        3.01300 
   H       -5.77000        2.76500        2.53000 
   H       -4.80200        4.01700        2.76800 
   H       -5.14000        3.02600        3.97800 
   C       -3.05400        2.17600        0.76300 
   H       -2.34500        1.53600        0.54600 
   H       -2.74100        3.08600        0.57900 
   H       -3.84400        1.98700        0.21500 
   O        0.63090        2.31897       12.10686 
   C       -0.25600        2.88900       12.03700 
   H        1.32537       12.29532       10.72151 
   H       -4.82108       -2.82088        1.74567 
   H        0.50620       10.80136        1.94791 
   H        0.74766        4.07956        4.06206 
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Table 5: Coordinates for tBubpyRe(CO)3Cl:     
   C       -1.41800       -1.94600        3.95200 
   H       -1.80200       -2.75700        3.64000 
   C       -2.06400       -1.24900        4.95500 
   H       -2.87600       -1.58300        5.31800 
   C       -1.52600       -0.05900        5.43600 
   C       -0.31900        0.35800        4.88700 
   C        0.29100       -0.37300        3.87300 
   C        3.17900       -0.53000        1.67800 
   H        3.51100       -1.13000        1.01800 
   C        3.89600        0.62100        1.94300 
   H        4.70300        0.79900        1.47300 
   C        3.43300        1.51900        2.89900 
   C        2.22900        1.19900        3.54400 
   H        1.87100        1.78800        4.19700 
   C        1.56100        0.02500        3.23200 
   C       -0.07500       -1.81200        0.38900 
   C       -0.34000       -4.12200        1.68200 
   C        2.10600       -3.45400        0.71500 
   N       -0.26200       -1.52100        3.39800 
   N        2.03800       -0.84000        2.30500 
   O       -0.60600       -1.44700       -0.46500 
   O       -1.08700       -4.96500        1.49900 
   O        2.88100       -3.90900       -0.00400 
  Cl        1.91000       -3.59700        3.94200 
  Re        0.85800       -2.61900        1.90900 
   C       -2.39900        0.78300        6.62500 
   C       -4.08300       -0.01700        6.82300 
   C       -2.52600        2.61800        6.16400 
   C       -1.49700        0.54200        8.18200 
   C        4.30000        2.75200        3.40300 
   C        5.08700        2.22200        4.77800 
   C        3.29000        4.17600        3.74300 
   C        5.58700        3.00900        2.25100 
   H       -4.58000        0.08000        5.88000 
   H       -4.63400        0.51400        7.57200 
   H       -4.02300       -1.05100        7.09000 
   H       -1.43700       -0.49200        8.44900 
   H       -2.04700        1.07200        8.93100 
   H       -0.51000        0.94900        8.10900 
   H        0.13000        1.22000        5.23600 
   H       -3.06400        2.71900        5.24400 
   H       -1.53900        3.01400        6.04600 
   H       -3.03600        3.15700        6.93500 
   H        6.22900        2.17300        2.06800 
   H        6.17000        3.83900        2.59000 
   H        5.08100        3.27400        1.34600 
   H        4.36800        2.04400        5.55000 
   H        5.73600        3.02100        5.07200 
   H        5.66400        1.33600        4.61700 
   H        2.54500        3.90300        4.46100 
   H        2.81600        4.46800        2.83000 
   H        3.86800        4.99300        4.12200 
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Crystallographic Information 
 
CCDC deposition number 2335089 and 2335090 contains the supplementary crystallographic data 

for this paper.45 These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Refinement Details. In each case, crystals were mounted on a glass fiber or MiTeGen loop using 

Paratone oil, then placed on the diffractometer under a nitrogen stream. Low temperature (175 K) X-

ray data were obtained on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based 

diffractometer (Mo IμS HB micro-focus sealed X-ray tube, Kα = 0.71073 Å or Cu IμS HB micro-

focused X-ray tube, Kα = 1.54178). All diffractometer manipulations, including data collection, 

integration, and scaling were carried out using the Bruker APEXII software.46 Absorption corrections 

were applied using SADABS.47 Space groups were determined on the basis of systematic absences 

and intensity statistics and the structures were solved in the Olex 2 software interface48 by intrinsic 

phasing using XT (incorporated into SHELXTL)49 and refined by full-matrix least squares on F2. All 

non-hydrogen atoms were refined using anisotropic displacement parameters, except in some cases 

with heavily distorted solvent. Hydrogen atoms were placed in the idealized positions and refined 

using a riding model. The structure was refined (weighed least squares refinement on F2) to 

convergence. Graphical representation of structures with 50% probability thermal ellipsoids was 

generated using Diamond 3 visualization software.50 
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Table 6. Crystal data and structure refinement for 2-Re(CO)3Br 
CCDC Number 2335089 

Empirical formula C61H68B2N2O3Si2ReBr0.5 
 

Formula weight 1181.12 
 

Temperature/K 
106.0 
 

Crystal system Triclinic 
 

Space group 
P-1 
 

a/Å 12.5794(10) 
 

b/Å 16.884(2) 
 

c/Å 
16.9262(16) 
 

α/° 104.436(8) 
 

β/° 
109.588(5) 
 

γ/° 95.695(11) 
 

Volume/Å3 3213.5(6) 
 

Z 
2 
 

ρcalc g/cm3 1.221 
 

μ/mm‑1 
4.724 
 

Abs. Correction Semi-empirical 
 

Crystal size/mm3 0.05 × 0.05 × 0.2 
 

Radiation 
CuKα (λ = 1.54178) 
 

2Θ range/° 5.516 to 150.344 
 

GOF 
1.132 
 

Diffractometer PHOTON 
 

R1
a, wR2

b [I>2σ(I)] 0.0688, 0.1477 

aR1 = Σ||F0| − |Fc||/Σ|F0|. bwR2 = [Σ[w(F0
2−Fc

2)2]/Σ[w(F0
2)2]1/2 
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Table 7. Crystal data and structure refinement for 3-Re(CO)3Br 
CCDC Number 2335090 

Empirical formula C61H64N2O3Si2BrRe 
 

Formula weight 1135.43 
 

Temperature/K 
100.0 
 

Crystal system Monoclinic 
 

Space group 
P21/n 
 

a/Å 17.220(4) 
 

b/Å 21.088(18) 
 

c/Å 
19.067(12) 
 

α/° 90 
 

β/° 
115.95(2) 
 

γ/° 90 
 

Volume/Å3 6226(7) 
 

Z 
4 
 

ρcalc g/cm3 1.275 
 

μ/mm‑1 
2.673 
 

Abs. Correction Semi-empirical 
 

Crystal size/mm3 0.1 × 0.1 × 0.15 
 

Radiation 
MoKα (λ = 0.71073) 
 

2Θ range/° 3.862 to 72.564 
 

GOF 
1.136 
 

Diffractometer PHOTON 
 

R1
a, wR2

b [I>2σ(I)] 0.0593, 0.1636 

aR1 = Σ||F0| − |Fc||/Σ|F0|. bwR2 = [Σ[w(F0
2−Fc

2)2]/Σ[w(F0
2)2]1/2  
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Figure 30. Solid state structure determined from single crystal X-ray diffraction of 3-Re(CO)3Br. 

Bottom panel: tert-Butyl groups omitted for clarity. 
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ABSTRACT: A polycyclic aromatic hydrocarbon bearing twelve edge nitrogen atoms 

for a 42 π-electron system is reported. The compounds are synthesized via Sonogashira 

coupling of pyrimidine precursors, [2+2+2] cycloaddition of bis(aryl) alkynes, and anionic 

cyclodehydrogenation. Spectroscopy, electrochemistry, and computational results suggest a 

significant narrowing of the HOMO-LUMO gap compared to the N-free analogue owing to 

the electron-deficient extended π system imposed by the nitrogen dopants. Coordination to 

metals and electronic structure modification of the extended π system were observed. 

 

 

 

 

 

 

 

 



 239 

ACKNOWLEDGEMENTS 

This material is based on work performed by the Liquid Sunlight Alliance, which is 

supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy 

Sciences, Fuels from Sunlight Hub under Award DE-SC0021266. Dr. Masanari Hirahara 

and Vidhya Dev are thanked for their contributions to this project. I acknowledge the 

Beckman Institute for instrumentation support. I thank Dr. Michael Takase for assistance 

with X-ray crystallography and Maryann Morales for assistance with fluorescence 

spectroscopy. I am grateful to Dr. Matthew Espinosa for assisting with MALDI-TOF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 240 

INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) have attracted substantial interest in the 

development of charge-carrying materials owing to their optical and electronic properties.1–

6 Bottom-up preparation affords molecular nanographenes that are amenable to well-defined 

characterization via solution-state spectroscopy and X-ray crystallography.4,7 

Hexabenzocoronenes (HBCs) in particular have received much attention due to high thermal 

stability and modular preparations.1,2,8,9 Facile tunability of electronic structure is of interest 

to ascertain the ability of nanographene molecules as candidate materials for organic 

electronics;3 strategies include incorporation of heteroatom dopants,10,11 functionalization 

with electron-withdrawing/donating substituents,4,12,13 and coordination to metal centers.14–

16 Moreover, nitrogen-containing polyaromatics have displayed desirable photophysical 

properties.6,10,15–17  

Although maximizing the nitrogen content of nanographenes has been proposed to 

lead to enhanced photophysics,18,19 direct comparisons of structural analogs are rare.15,16 

While several reports exist investigating higher nitrogen content PAHs (Scheme 1),18–23 we 

set out to maximize nitrogen content as a means of tuning electronic properties of 

nanographenes bearing HBC motifs6,10,11,14–17 and systematically compare with nitrogen-free 

analogues.    

We report the synthesis and electronic structure of an N-rich HBC variant based on 

a hexa-pyrimido-coronene, HPC-N12(ArtBu)6 each bearing twelve edge nitrogen atoms. 

Functionalization at the 2-position of the pyrimidine allows variation of the aryl substituent 

on the extended π system, which provides an additional platform for tailoring the electronic 

properties of the HBC. Cyclodehydrogenation to generate the fused polyaromatic system 
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required alkali metal reduction followed by exposure to dioxygen,24 whereas all-carbon 

variants are typically amenable to Scholl oxidation conditions.25 The electrochemistry, 

electronic spectra, and DFT computations are reported, highlighting a significant narrowing 

of the HOMO-LUMO gap when the nitrogen content is increased. 

Scheme 1. Literature examples of N-containing PAHs and compound reported in this work. 

 

RESULTS AND DISCUSSION 

HPC-N12(ArtBu)6 was prepared in four steps from commercially available starting 

materials (Scheme 2). The aryl pyrimidine 1 was prepared via a Negishi coupling (see ESI).26 

A modified Sonogashira coupling of 1 with trimethylsilylacetylene in the presence 

[Cu(Xantphos)I] and Pd(OAc)2 leads to the generation of the bis(aryl)alkyne 2 in a single 

pot, in 50% yield.27 3 was generated from the [2+2+2] cycloaddition of 2 utilizing a mixture 

of Ni(OAc)2, iPrMgCl, and 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride (IMesHCl) 

in 77% yield.28 All steps were performed on  multigram-scales without affecting the purities 

of products.   
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Scheme 2. Synthesis of HPC-N12(ArtBu)6.  

 

Cyclodehydrogenation reactions of polycyclic aromatic hydrocarbon precursors are 

typically performed under oxidative conditions, where the proposed intermediate is an 

arenium cation.24,25 Treatment of 3 with DDQ/triflic acid in CH2Cl2 did not result in the 

desired product likely due to the electron-deficient nature of the nitrogen-containing 

heterocycles in 3, increasing the energy of putative cationic intermediates.29 Another 

methodology involves formation of radical-anionic species prone to C-C coupling with 

strong reducing agents. Subsequent oxidation results in the desired PAH, route previously 

reported for ring closure of naphthylisoquinolines to N-containing perylenes.24,30  

Treatment of 3 with 9 equivalents of 1:1 molar ratio of sodium and potassium metal 

(NaK) for 48 h causes the suspension to turn from colorless to dark red. The solution was 

quenched with iPrOH, then MeOH, followed by sparging with O2 for 12 h to promote 
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aromatization, yielding a dark brown solution. The 1H NMR spectrum of this material 

(Figure 12) reveals two aromatic resonances at 9.25 and 7.83 ppm that integrate in a 2:1 ratio 

corresponding to ortho and para protons, respectively, on the 3,5-di-tert-butylphenyl 

substituent. In addition, there is only one peak in the aliphatic region corresponding to the 

tert-butyl groups (1.65 ppm) owing to the six-fold rotational symmetry in the desired HPC-

N12(ArtBu)6. 

 
Figure 1. A. Solid-state structure of HPC-N12(ArtBu)6. B. π-stacking as evident in the unit 

cell. 3,5-di-tert-butylaryl groups omitted for clarity. Thermal ellipsoids shown at 50% 

probability. Blue: Nitrogen, black: carbon. Chloroform molecules and hydrogen atoms are 

omitted for clarity. 

Deep-red single crystals of HPC-N12(ArtBu)6 suitable for single-crystal X-ray 

diffraction were grown by slow evaporation at room temperature of a concentrated 

chloroform solution. The crystal structure (Figure 1) confirms the identity of HPC-

N12(ArtBu)6 as a planar, nitrogen-rich HBC. The distance of 3.37 Å between two HPC-

N12(ArtBu)6 molecules in the unit cell is evidence of intermolecular π stacking; typical π 

stacking distances are less than 3.8 Å.31 The 3,5-di-tert-butylphenyl groups cause the HPC 
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motifs to be offset  to optimize the π stacking interaction (Figure 23). Analysis of the 

bond lengths in comparison to 2,9-bis(2,6-dimethoxyphenyl)-1,10-phenanthroline show 

significant differences (Table 7).32 Contraction of bonds between C6A and C2A is observed 

by 0.03 Å in  HPC-N12(ArtBu)6. By contrast, C6A-C6F and C3F-C1A lengthen by 0.05 and 

0.02 Å, respectively, highlighting greater double bond character towards the nitrogen atoms 

away from the core of the π system. C17’-C27’ in decamethylphenanthrene is shorter than 

C6A-C6F in HPC-N12(ArtBu)6 by 0.06 Å. HPC-N12(ArtBu)6 represents the first example of 

an HBC bearing twelve peripheral nitrogen atoms. Prior examples of N-containing HBC 

display only four N.15,16 

The cyclic voltammogram (CV) of HPC-N12(ArtBu)6 in THF is shown in Figure 2. 

There are two quasireversible reduction features at –1.3 V and –1.5 V vs. Fc0/+ as well as an 

irreversible feature at –2.2 V. The first reduction of a heteroatom-free HBC with six tert-

butyl substituents is –2.1 V vs Fc0/+ in THF (Table 1).33–36  The positive shift in the reduction 

potentials in HPC-N12(ArtBu)6 is due to the presence of nitrogen atoms, resulting in a more 

electron-deficient π system.15,16 For comparison, simple heterocycle show a similar trend, 

with benzo[e]pyrene vs 1,8-diazabenzo[e]pyrene showing one-electron reduction at –2.6 V 

vs –2.02 V vs. Fc+/0, respectively.20 Notably, HPC can be reduced by three electrons positive 

of the potential for the first reduction of HBC.  
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Figure 2. CV of LN12 (1 mM) collected at 200 mV/s. 0.1 M (nBu)4NPF6 in THF. Working 

electrode: glassy carbon. Reference electrode: Ag/AgCl. Counter electrode: Pt wire. 

Table 1. Comparing most positive reduction determined by cyclic voltammetry between 

hexabenzocoronene variants 

Compound E1/2 (V vs. Fc0/+) Electrolyte  Reference 

HPC-N12(ArtBu)6 -1.3 
0.1 M 

n(Bu)4PF6/THF 
This work 

N4-HBC -1.6  
0.1 M 

n(Bu)4PF6/CH3CN 

Draper and co-

workers16 

tBuHBC -2.1 
0.1 M 

n(Bu)4PF6/THF 

Müllen and co-

workers33 

tBuHBC -1.7 
0.1 M 

n(Bu)4PF6/CH2Cl2 

Guldi, Jux, and co-

workers36 
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Figure 3. Absorption spectra of HPC-N12(ArtBu)6 (0.060 mM in THF) recorded after adding 

successive equivalents of CuBr2. 

Nitrogen incorporation appears to shrink the band gap when comparing to all-carbon 

HBC (Figure 3). Three prominent features are observed in 0.060 mM HPC-N12(ArtBu)6 in 

CHCl3 at 410 nm, 330 nm, and 279 nm. These peaks are redshifted from those of a 

previously-reported hexaaryl HBC (~190, ~250, and ~370 nm).37,38 Nitrogen-containing 

PAHs have provided opportunities for investigating coordination chemistry effects on 

photophysics.6,15,16,39–41 To probe a similar phenomenon with our system, UV-vis spectra 

were recorded after addition of a single equivalent of CuBr2 to HPC-N12(ArtBu)6, finding 

enhancement in intensity in the absorption in all features up to 30 equivalents (Figure 3). The 

feature with the lowest wavelength redshifts by blueshifts by 20 nm. This finding suggests 

widening of HOMO-LUMO gap provided by metal complexation (vide infra).45,46 

Attenuation in fluorescence (lexcited = 410 nm) is observed from adding CuBr2 (Figure 4), 

consistent with prior reports adding Cu2+ to N-containing PAHs;40,41 shifting to higher energy 
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is also observed. Matrix-assisted laser desorption time of flight (MALDI-TOF) mass 

spectrometry of the solution after 20 equivalents of CuBr2 suggests a mixture of metal 

complexes in addition to HPC-N12(ArtBu)6: Br2Cu-HPC-N12(ArtBu)6 and (Br2Cu)3-HPC-

N12(ArtBu)6.44–47 While purification efforts have not yielded an isolated metal complex, these 

results suggest the ability of metals in tuning the HOMO-LUMO gap of nitrogen-rich PAHs. 

Binding to ZnCl2 is also evident based on spectroscopy and MALDI-TOF data (Figures 14 

and 16, respectively). Addition of trifluoromethanesulfonic acid (TfOH) to HPC-N12(ArtBu)6 

provides redshifted absorption features by up to 20 nm (65 equivalents). The emission 

spectrum intensity is attenuated and also redshifts by up to 36 nm (Figure 15), consistent 

with previous reports demonstrating attenuated emission intensity due to protonation.6,15,16,41 

HPC-N12(ArtBu)6 could serve as a possible pH sensing material.6 

To better understand the electronic structures of the nanographene molecules DFT 

calculations were performed. Geometry optimization was performed  with the B3LYP 

functional48 and 6-311G(d,p) basis set.49 Few studies have been carried out to compare 

heteroatom-containing extended π systems and all-carbon analogues.50 A model with the 

tert-butyl groups replaced with hydrogen atoms (HPC-N12Ph6) was employed for HPC-

N12(ArtBu)6.  
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Figure 4. Emission spectra (excitation wavelength: 410 nm) of HPC-N12(ArtBu)6 (0.060 mM 

in THF) recorded after adding successive equivalents of CuBr2. 

An analogous model was studied for HBC (HBC-Ph6). The HOMO-LUMO gap is 

narrower by 328 meV in HPC-N12Ph6 than in the nitrogen-free analogue HBC-Ph6 (Table 

S2), suggesting that nitrogen doping is a viable strategy in preparing lower band gap 

materials.1,2,6,10,20,42,43 HOMO-LUMO energy gap shrinking due to N incorporation is 

attributed to significant electron-accepting character.10,51 The LUMO of HPC-N12Ph6 

(Figure 5) possesses significant N character. In addition, delocalization onto the aryl 

substituents is observed in the HOMO and HOMO-1 for HPC-N12Ph6  (Figure 19).52   
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Figure 5. HOMO and LUMO each for HBC-Ph6 and HPC-N12Ph6, comparing energy levels 

and energy gap. Orbitals are calculated at the B3LYP/6-311G(d,p) level of theory. 

Isosurfaces are shown at 0.02 value.  

CONCLUSIONS 

Synthesis and electronic structure of nitrogen-rich PAH HPC-N12(ArtBu)6 is 

reported. Preparation of the compound was achieved via anionic cyclodehydrogenation. 

Characterization in the solid-state in addition to NMR spectroscopy is obtained, highlighting 
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substantial development in preparing heteroatom-containing nanographenes with well-

defined characterization. The energy gaps between the HOMO and LUMO are significantly 

narrower resulting from substantial electron-accepting character of the nitrogen dopants, 

evident by electrochemistry as well as experimental and computed electronic spectra. Metal 

binding suggests that coordination chemistry can be utilized to tune electronic structure of 

this extended π system. This report unlocks a new paradigm in synthesizing N-rich 

nanographenes with potential application in optoelectronics. 

EXPERIMENTAL 

General considerations. Unless otherwise specified, all operations involving air- or water-sensitive 

reagents were carried out in an MBraun drybox under a nitrogen atmosphere or using standard 

Schlenk and vacuum line techniques. Glassware was oven-dried at 140 ºC for 2 h prior to use on the 

Schlenk line or in the MBraun drybox. Tetrahydrofuran (THF), diethyl ether, toluene, pentane, and 

hexanes for air- and moisture-sensitive reactions were dried by the method of Grubbs.53 Dry N,N-

dimethylformamide (DMF) was purchased from Millipore Sigma and cannula transferred to freshly-

activated 3 Å molecular sieves and stored in a Teflon-sealed Schlenk tube under N2 atmosphere for 

12 h prior to use. Meta-xylene was vacuum transferred from sodium benzophenone ketyl. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories and CDCl3 was used as received. All 

solvents, once dried and degassed, were stored under a nitrogen atmosphere over 3 Å molecular 

sieves. Iodo[bis(diphenylphosphino)-9,9-dimethylxanthene]copper(I) was prepared following a 

previously reported procedure.54 All other reagents were used as received. 1H, and 13C{1H} spectra 

were recorded on Varian Mercury 300 MHz or Varian 400 MHz spectrometers at ambient 

temperatures, unless otherwise denoted. 1H and 13C{1H} NMR spectra are reported referenced 

internally to residual solvent peaks reported relative to tetramethylsilane. Gas chromatography-mass 

spectrometry (GC-MS) were performed on an Agilent 6890A instrument using a HP-5MS column 
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(30 m length, 0.25 mm diameter, 0.50 μm film) and an Agilent 5973N mass-selective EI detector. 

Absorption spectra were recorded on a Varian Cary Bio 50 spectrophotometer. 

 

Electrochemical measurements: CVs were recorded with a Pine Instrument Company AFCBP1 

biopotentiostat with the AfterMath software package. All measurements were performed in a three 

electrode cell, which consisted of glassy carbon (working; ø = 3.0 mm), silver wire (counter) and bare 

platinum wire (reference), in an N2-filled MBraun glovebox at RT. Dry tetrahydrofuran that contained 

~100 mM [nBu4N][PF6] was used as the electrolyte solution. The ferrocene/ferrocenium (Fc/Fc+) 

redox wave was used as an internal standard for all measurements. 

 

Preparation of pre-reduced magnetic stir bars: Sodium mirror (10-20 mg) is prepared in a 20-mL 

scintillation vial along with 200-300 mg of benzophenone dissolved in THF to form a purple solution, 

which is then added to a 20-mL vial containing 10-20 Teflon-coated magnetic stir bars and stirred for 

12 h. The solution is decanted, and the stir bars are rinsed with THF until the mother liquor is 

colorless, resulting in black, pre-reduced magnetic stir bars that are dried under vacuum for 1 h and 

are to be used for reactions involving Na and NaK.  

 

Absorption spectroscopy: UV-vis spectra were recorded on a Varian Cary Bio 50 

spectrophotometer in a 1 mm cuvette. Single equivalents of ZnCl2 (103 mM in CHCl3) were added 

to 0.060 mM HPC-N12(ArtBu)6. After addition of an equivalent, a spectrum was recorded. 

 

Emission spectroscopy: Corrected room temperature emission spectra were collected in the 

Beckman Institute Laser Resource Center using a modified Jobin Yvon Spec Fluorolog-3 instrument. 

Samples were excited with a xenon arc lamp, employing a monochromator for wavelength selection, 

and emission was detected at 90° using two Ocean Optics EQDPro CCD spectrometers spanning 
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300–930 nm. Single equivalents of metal salt or trifluoromethane sulfonic acid (103 mM) were 

added to 0.060 mM HPC-N12(ArtBu)6. After addition of an equivalent, a spectrum was recorded. The 

entrance and exit slits were 5 nm, and voltage was set to 400 V. 

 

MALDI-TOF: Mass spectra were recorded on a Bruker Autoflex MALDI TOF/TOF. Dithranol 

(0.091 mM in CHCl3) was employed as the matrix. 3 µL of the dithranol solution were combined 

with 1 µL of 0.060 mM HPC-N12(ArtBu)6 + metal salt mixture. This mixture was drop casted onto a 

MALDI plate and allowed to dry under ambient conditions. 

 
Synthesis 

 
 

5-bromo-2-(3,5-di-tert-butylphenyl)pyrimidine (1a). Adapted from a previously-reported 

procedure:26 In an N2-purged glove box, a Schlenk flask fitted with a screw-in Teflon stopper was 

charged with a solution of 3,5-di-tert-butylbromobenzene (20 g, 75 mmol) in THF (250 mL). The 

flask was sealed, brought outside of the box and cooled to –78 °C with a dry ice/acetone bath. A 

pentane solution of tert-butyllithium (80 mL, 2.0 M, 160 mmol) was added dropwise via cannula. 

The reaction was allowed to warm to room temperature and stirred for 1 h forming a yellow solution. 

The reaction was then brought back into an N2-purged glovebox and ZnCl2 (7.2 g, 53 mmol) was 

added slowly to the reaction resulting in the loss of the yellow coloration and formation of a white 

precipitate. The mixture was allowed to stir at room temperature for 30 min. 5-bromo-2-

iodopyrimidine (22.3 g, 78 mmol) was added to the mixture. The flask was then placed in the cold 

Br

N N

Br

tBu tBu

tBu tBu 1) 2.1 tBuLi, THF,
    –78ºC to RT, 1 h

2) 0.7 ZnCl2, RT, 30 min

3) 1.05

Pd(PPh3)4 (2 mol%)
      70 ºC, 12h

N N

I

Br

48%
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well previously cooled with liquid nitrogen. Pd(PPh3)4 (1.3 g, 1.0 mmol) was added slowly, the 

flask sealed, and brought outside of the box. The vessel was fitted with an oven-dried reflux condenser 

and warmed to 70 °C for 12 h. After cooling to room temperature, water (100 mL) was added to 

quench the reaction, and the mixture concentrated in vacuo to about 100 mL. The resulting suspension 

was taken up in CH2Cl2 (200 mL) and washed with 5 x 100 mL of water. The organic layer was 

washed with brine (2 x 100 mL), dried over MgSO4, and filtered. Removal of the volatiles under a 

reduced pressure afforded an orange solid, which was charged with 200 mL of hexanes and heated to 

reflux. The mixture was filtered, and the filtrate was concentrated under a reduced pressure, allowing 

a white solid to crash out, which was filtered and washed with cold hexanes. The off-white solid was 

determined to be analytically pure 1a. 15 g (50% yield). 1H NMR (400 MHz, CDCl3): d = 8.84 (s, 

2H, ArH), 8.31 (app d, 2H, ArH), 7.62 (t, 1H, ArH), 1.43 (s, 18H, C(CH3)3). 13C{1H} NMR (101 

MHz, CDCl3) d = 163.75 (aryl-C), 157.84 (aryl-C), 151.40 (aryl-C), 135.93 (aryl-C), 125.6 (aryl-C), 

122.65 (aryl-C), 118.05 (aryl-C), 35.18 (C(CH3)3), 31.64 (C(CH3)3). HRMS (FAB+) m/z Calcd. for 

[M + H+] C18H13BrN2 347.1123, found 347.1122.  

 

 

 

 

 

 

 

 

 



 254 

 
Figure 6. 1H NMR spectrum (400 MHz, CDCl3) of 5-bromo-2-(3,5-di-tert-butylphenyl)pyrimidine (1a). 
 

 
Figure 7. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 5-bromo-2-(3,5-di-tert-butylphenyl)pyrimidine 

(1a). 
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1,2-bis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-yl)ethyne (2a). Adapted from a previously-reported 

procedure:27 A 1-L, oven-dried Schlenk flask was allowed to cool under vacuum on the Schlenk line. 

Under a positive pressure of N2, the Schlenk flask was charged with of 5-bromo-2-(3,5-di-tert-

butylphenyl)pyrimidine (1a) (12.8 g, 37 mmol), cesium carbonate (24.1 g, 74 mmol), and palladium 

(II) acetate (165 mg , 0.73 mmol). DMF (250 mL) was added to the Schlenk flask via cannula. To 

this mixture was added trimethylsilylacetylene (3.14 mL, 22 mmol) under positive N2. The reaction 

mixture was degassed via one cycle of freeze-pump-thaw. Iodo[bis(diphenylphosphino)-9,9-

dimethylxanthene]copper(I) (566 mg, 0.73 mmol) was added under positive N2. The reaction mixture 

was subject to two more cycles of freeze-pump-thaw, and the mixture was heated to 60 ºC for 12 h. 

Volatiles were removed under a reduced pressure, and the crude solid was charged with CH2Cl2 (300 

mL) and filtered to remove excess cesium carbonate. The filtrate was concentrated under a reduced 

pressure and purified via column chromatography with CH2Cl2 as the eluent. The white solid was 

dried under vacuum for 12 h at room temperature prior to the next step. (5 g, 50%). 1H NMR (400 

MHz, CDCl3) d = 8.95 (s, 4H, ArH), 8.36 (app d, 4H, ArH), 7.61 (t, 2H, ArH), 1.42 (s, 36H, C(CH3)3). 

13C{1H} NMR (101 MHz, CDCl3) d = 164.02 (aryl-C), 159.13 (aryl-C), 151.45 (aryl-C), 136.22 (aryl-

C), 125.93 (aryl-C), 123.02 (aryl-C), 115.89 (aryl-C), 90.03 (alkyne-CC), 35.22 (C(CH3)3) 31.65 

(C(CH3)3). HRMS (FAB+) m/z Calcd. for [M + H+] C38H47N4 559.3801, found 559.3813. 

 

N N

Br

tBu tBu

0.6 Me3SiCCH, 2 Cs2CO3

Pd(OAc)2 (2 mol%), 
Cu(Xantphos)I (2 mol %), DMF,

60 ºC, 24 h
NN

NN

tBu tBu

tBu tBu

50%



 256 

 
Figure 8. 1H NMR spectrum (400 MHz, CDCl3) of 1,2-bis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-
yl)ethyne (2a) 
 

 
 
Figure 9. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 1,2-bis(2-(3,5-di-tert-
butylphenyl)pyrimidin-5-yl)ethyne (2a) 
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1,2,3,4,5,6-hexakis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-yl)benzene (3a). Adapted from a 

previously-reported procedure:28 An oven-dried Schlenk tube fitted with a screw-in Teflon stopper 

was charged with 1,2-bis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-yl)ethyne (2a) (2.00 g, 4 mmol), 

IMesHCl (54 mg, 0.16 mmol), and acetylacetonatonickel (II) (41 mg, 0.16 mmol). The flask was then 

charged with 10 mL of m-xylene via syringe. The solution was subject to three cycles of freeze-pump-

thaw and left under nitrogen. Isopropylmagnesium chloride (0.5 mL, 1.39 M in THF, 0.7 mmol) was 

added via syringe, and the solution was warmed to 120 ºC for 16 h. Volatiles were removed under a 

reduced pressure. The crude solid was purified via column chromatography, and the fractions 

containing the desired product precipitated a white solid, which was filtered and washed with ethyl 

acetate and hexanes to yield the desired cyclotrimer 3a (1.65 g, 77%). 1H NMR (400 MHz, CDCl3) d 

= 8.49 (s, 2H, ArH), 8.09 (s, 2H, ArH), 7.47 (s, 1H, ArH), 1.28 (s, 18H, C(CH3)3). 13C{1H} NMR 

(101 MHz, CDCl3) d = 164.15 (aryl-C), 157.82 (aryl-C), 151.25 (aryl-C), 138.07 (aryl-C), 135.64 

(aryl-C), 128.94 (aryl-C), 125.91 (aryl-C), 122.81 (aryl-C), 34.82 (C(CH3)3), 31.53 (C(CH3)3). Anal. 

calcd. (%) for C114H138N12: C, 81.68; H, 8.30; N, 10.03. Found: C, 80.99; H, 8.14; N, 9.89.  
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Figure 10. 1H NMR spectrum (400 MHz, CDCl3) of 1,2,3,4,5,6-hexakis(2-(3,5-di-tert-

butylphenyl)pyrimidin-5-yl)benzene (3a). 

 

 
Figure 11. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 1,2,3,4,5,6-hexakis(2-(3,5-di-tert-

butylphenyl)pyrimidin-5-yl)benzene (3a). 
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Monitoring the ring closure of 3a and 3b. In an N2-purged glovebox, a 1-2 mL aliquot was 

removed from the reduction of 3 and quenched slowly with isopropanol on the benchtop. This mixture 

was then charged with a minimal amount of DDQ to oxidize the putative anionic intermediate,30 

resulting in a red-yellow solution. The volatiles were removed on the rotary evaporator, and the crude 

solid was taken up in CDCl3 and filtered to record the 1H NMR spectrum. 
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HPC-N12(ArtBu)6. In an N2-purged glovebox, a 20-mL scintillation vial is charged with 1,2,3,4,5,6-

hexakis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-yl)benzene (200 mg, 0.12 mmol). In a separate vial, 

sodium (24.7 mg, 1.07 mmol) and potassium (42 mg, 1.07 mmol) are weighed out and carefully 

mixed with a spatula. The alloy is suspended in THF and charged with a magnetic pre-reduced stir 

bar. Compound 3a is suspended in THF and added to the sodium and potassium alloy to immediately 

form a purple suspension. This mixture is stirred at room temperature for 48 h. The dark brown 

solution is transferred to a Teflon-sealed Schlenk tube and quenched with isopropanol over 1 h to 

form a dark yellow mixture. This solution is then sparged with dioxygen for 12 h, concentrated under 

a reduced pressure, and extracted with chloroform and filtered. The filtrate is allowed to sit at –20 ºC 

for 7 h to form deep-red crystals. The mother liquor is decanted, and the crystals are rinsed with cold 

chloroform. HPC-N12(ArtBu)6 is then dried in vacuo at room temperature for 12 h before further use 

(100 mg, 50%). Single crystals suitable for X-ray diffraction were grown from slow evaporation at 

room temperature of a saturated chloroform solution. 1H NMR (400 MHz, CDCl3) d = 9.25 (br s, 2H, 

ArH), 7.83 (s, 1H, ArH), 1.65 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3). d = 153.82 (aryl-

C), 150.40 (aryl-C), 136.74 (aryl-C), 124.85 (aryl-C), 123.48 (aryl-C), 119.67 (aryl-C), 116.22 (aryl-

C), 115.35 (aryl-C), 34.27 (C(CH3)3), 31.04 (C(CH3)3). Anal. calcd. (%) for C114H126N12: C, 82.27; H, 

7.63; N, 10.10. Found: C, 82.00; H, 7.43; N, 9.90.  
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Figure 12. 1H NMR spectrum (400 MHz, CDCl3) of HPC-N12(ArtBu)6. 
 
 

 
Figure 13. 13C{1H} NMR spectrum (101 MHz, CDCl3) of HPC-N12(ArtBu)6. 
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SUPPLEMENTARY FIGURES/DATA 

 

 

Figure 14. A. Absorption spectra of HPC-N12(ArtBu)6 (0.060 mM in CHCl3). B. Emission spectra 

(excitation wavelength: 410 nm) of HPC-N12(ArtBu)6 recorded after adding successive equivalents 

of ZnCl2. 
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Figure 15. A. Absorption spectra of HPC-N12(ArtBu)6 (0.060 mM in CHCl3). B. Emission spectra 

(excitation wavelength: 410 nm) of HPC-N12(ArtBu)6 recorded after adding successive 

equivalents of TfOH (100 mM in CHCl3). 
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Figure 16. MALDI-TOF of 20 ZnCl2 added to HPC-N12(ArtBu)6 in CHCl3. Matrix: dithranol. 

 

 

 

Figure 17. MALDI-TOF of 20 CuBr2 added to HPC-N12(ArtBu)6 in THF Matrix: dithranol. 
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Density Functional Theory (DFT) Calculations 

All computations were performed using ORCA software55 version 4.1.2 on the Resnick High-

Performance Computing Cluster at Caltech. Geometry optimizations and orbital energies were 

performed using the restricted Kohn-Sham formalism with the B3LYP functional48 and the 6-

311G(d,p) basis set.49 

     

       
Figure 18. Geometry-optimized structures of HPC-N12Ph6 (left) and HBC-Ph6 (right). 
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Figure 19. Clockwise from top left: LUMO (–3.250 eV), LUMO+1 (–3.190 eV), HOMO-1 (–6.296 

eV), and HOMO (–6.269 eV) of HPC-N12Ph6. Isosurfaces are shown at 0.02 value. 
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Figure 20. HOMO-6 (left) and HOMO-2 (right) for HPC-N12Ph6. Isovalues set to 0.02. 
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Figure 21. Clockwise from top left: LUMO (–1.983 eV), LUMO+1 (–1.953 eV), HOMO-1 (–5.350 

eV), and HOMO (–5.330 eV) of HBC-Ph6. Isosurfaces are shown at 0.02 value. 

 
 
 

 
 



 269 

 
Figure 22. HOMO-2 for HBC-Ph6. Isovalue set to 0.02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 270 

Table 2. HOMO-LUMO energy differences (eV) (computed from B3LYP/6-311G(d,p)). 
 

HBC 3.568 
HBC-Ph6 3.347 
HPC-N12 3.635 

HPC-N12Ph6 3.019 
 
Table 3. Cartesian coordinates obtained for the optimized geometry of HPC-N12. 
  N      10.210694      1.114678      9.574955 
  N       4.182042      8.128486     13.773238 
  N       8.907951      3.602846     16.345539 
  N      10.726567      1.035419     12.359151 
  N       3.665661      8.207244     10.989105 
  N       5.484301      5.639819      7.002708 
  N       4.095899      7.384091      8.750411 
  N       5.377297      7.188247     15.660537 
  N       9.015201      2.054679      7.687723 
  N       7.282290      5.365938     16.696740 
  N      10.296512      1.858772     14.597805 
  N       7.110462      3.877184      6.651460 
  C       9.554088      1.939529     10.408885 
  C       5.282938      6.454228     10.632569 
  C       9.823511      1.898285     11.862209 
  C       9.109130      2.788294     12.715713 
  C       8.146520      3.710214     12.191837 
  C       4.568675      7.344359     11.486059 
  C       6.677092      4.700446      8.876330 
  C       4.838244      7.303238     12.939371 
  C       6.938026      4.660570     10.283795 
  C       7.453865      4.581809     13.064524 
  C       8.590254      2.867646      9.917997 
  C       5.801847      6.374925     13.430302 
  C       6.503278      5.492904     12.546907 
  C       7.714957      4.542111     14.471962 
  C       7.888627      3.749469     10.801424 
  C       6.191116      4.774809      6.253476 
  C       9.391221      2.725330     14.111279 
  C       6.039302      6.358789     14.835419 
  C       8.352990      2.883939      8.512857 
  C       7.033321      5.407073     15.376327 
  C      10.904036      1.071718     13.691949 
  C       3.488260      8.171009      9.656268 
  C       6.245377      5.532156     11.156467 
  C       5.725453      5.606683      8.324809 
  C       8.201579      4.468408     17.094717 
  C       8.666700      3.635924     15.023524 
  C       5.000981      6.517318      9.236968 
  C       4.493438      8.017452     15.077064 
  C       7.358978      3.835693      7.971888 
  C       9.899255      1.225653      8.271144 
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  H       8.401195      4.437979     18.171098 
  H       3.956183      8.691225     15.752899 
  H       2.751358      8.875174      9.255691 
  H       5.991070      4.804538      5.177153 
  H      10.436929      0.552341      7.595187 
  H      11.640963      0.367628     14.092615 
 
 
 
Table 4. Cartesian coordinates obtained for the optimized geometry of HPC-N12Ph6. 
   N       10.27700        1.23800        9.58400 
   N        4.27400        8.17000       13.74800 
   N        8.88900        3.59600       16.32200 
   N       10.74900        1.11200       12.34700 
   N        3.71900        8.21300       10.97900 
   N        5.47200        5.61200        7.03500 
   N        4.13900        7.38400        8.76200 
   N        5.49400        7.24600       15.61000 
   N        9.07500        2.16000        7.70900 
   N        7.24200        5.31800       16.66100 
   N       10.28800        1.87600       14.57600 
   C        9.52400        1.96000       10.42500 
   C        5.26000        6.40900       10.64000 
   C        9.78300        1.90300       11.87300 
   C        9.02700        2.72900       12.73200 
   C       13.04900       -0.16400       13.34700 
   H       12.98600        0.01900       12.41700 
   C        8.02800        3.61300       12.20600 
   C        4.58100        7.32100       11.47900 
   C        6.61100        4.63800        8.90800 
   C        4.84700        7.28300       12.93300 
   C        6.84800        4.57200       10.31100 
   C        7.34500        4.47500       13.07100 
   C        8.51800        2.82100        9.93800 
   C        5.76500        6.31800       13.42900 
   C        6.41700        5.40000       12.55400 
   C        2.59900        9.21000        9.07800 
   C        7.63000        4.45700       14.46900 
   C        7.78200        3.65800       10.83100 
   C        8.47900        4.48700       18.54100 
   C        2.51400        9.39800        7.70700 
   H        3.03000        8.85200        7.12500 
   C        9.33700        2.69000       14.09900 
   C       11.29200        1.31500        6.13900 
   H       10.91800        2.16200        5.92400 
   C        6.03100        6.33100       14.81000 
   C        8.31400        2.87300        8.55100 
   C        6.98300        5.33900       15.35600 
   C        5.99600        4.85300        4.79400 
   C       10.94700        1.12000       13.67200 
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   C        1.85300       10.00800        9.94200 
   H        1.91400        9.87300       10.88000 
   C       10.94900        0.69800        7.33600 
   C        3.53900        8.20500        9.64400 
   C        6.17500        5.45100       11.17700 
   C        5.70100        5.55700        8.34600 
   C       12.09600       -0.05300       15.54800 
   H       11.39700        0.23100       16.12400 
   C       12.17100        0.71300        5.25600 
   C        8.18500        4.45400       17.08700 
   C        8.60500        3.59100       15.02000 
   C       12.04400        0.26500       14.20000 
   C       14.15800       -0.86300       13.84200 
   C        4.99800        6.48900        9.26100 
   C        4.64900        8.13500       15.04300 
   C        7.28500        3.78400        8.00300 
   C        3.35900       11.34700       17.48300 
   H        3.08400       12.07900       18.02300 
   C        4.15700        9.23300       15.92000 
   C        1.67500       10.38500        7.16800 
   C        5.45600        6.01500        4.23900 
   H        5.10500        6.68800        4.81100 
   C       10.03600        1.39600        8.27100 
   C        2.87500        9.75800       15.76400 
   H        2.29100        9.39300       15.11000 
   C       12.29400       -1.23200        6.75400 
   C       11.46900       -0.55500        7.65500 
   H       11.26100       -0.95200        8.49200 
   C        9.04800        4.64600       21.23900 
   H        9.23900        4.69200       22.16800 
   C        8.01100        5.42800       20.72000 
   C       12.63500       -0.57600        5.58900 
   H       13.21400       -1.01600        4.97900 
   C        6.47500        3.84400        3.96400 
   H        6.82600        3.04800        4.34500 
   C        2.44700       10.81500       16.56500 
   C        1.01900       11.00000        9.43900 
   C       13.16900       -0.78900       16.07000 
   C       14.17500       -1.15400       15.19300 
   H       14.92000       -1.63200       15.53900 
   C        4.65000       10.85300       17.64100 
   C        5.42300        6.20100        2.86100 
   C        5.03000        9.77100       16.86500 
   H        5.89400        9.39200       16.97700 
   C        9.51100        3.72100       19.08300 
   H       10.01200        3.14000       18.52200 
   C        7.74300        5.32700       19.36600 
   H        7.03900        5.84400       18.99300 
   C        6.44400        3.99200        2.57900 
   C        0.94100       11.15400        8.05800 
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   H        0.35700       11.81700        7.70900 
   C        9.81100        3.80200       20.43400 
   C        5.91600        5.17300        2.06100 
   H        5.89000        5.28200        1.11700 
   C        6.16300        4.74600        6.25800 
   H        1.60700       10.53300        6.14900 
   H        0.47300       11.60500       10.07200 
   H       14.93200       -1.14900       13.22200 
   H       13.20700       -1.04800       17.06800 
   H       10.58400        3.24800       20.83600 
   H        7.46400        6.05900       21.32600 
   H        5.30400       11.28000       18.31600 
   H        1.49000       11.19200       16.48400 
   H        5.04700        7.06800        2.44700 
   H        6.80100        3.25000        1.95600 
   H       12.47400        1.18700        4.39100 
   H       12.63500       -2.18600        6.95200 
   N        7.05400        3.82700        6.70200 
 
 
Table 5. Cartesian coordinates obtained for the optimized geometry of HBC-Ph6. 
  C        4.25600        0.22000        6.32600 
   H        4.08400        0.62700        5.48500 
   C        5.05200        0.89000        7.26000 
   C        5.33700        0.25500        8.46800 
   H        5.88400        0.70100        9.10300 
   C        5.94100       -1.02000       11.02600 
   H        6.32200       -0.17400       10.82300 
   C        6.19300       -1.57700       12.26500 
   C        5.64000       -2.82000       12.53300 
   H        5.77700       -3.20600       13.39100 
   C        4.67100       -5.53100       13.07300 
   H        5.12300       -5.05000       13.75600 
   C        4.30200       -6.85100       13.31100 
   C        3.61300       -7.51900       12.30500 
   H        3.40400       -8.43900       12.42400 
   C        1.68000       -8.74000       10.52700 
   H        1.92100       -9.16800       11.34000 
   C        0.72200       -9.33100        9.71100 
   C        0.43800       -8.72300        8.48800 
   H       -0.15700       -9.15400        7.88500 
   C       -0.40500       -7.30700        6.05100 
   H       -0.75600       -8.17300        6.23200 
   C       -0.90000       -6.60800        4.96100 
   C       -0.29900       -5.38300        4.65900 
   H       -0.59800       -4.90000        3.89700 
   C        0.98000       -2.89000        3.92400 
   H        0.38700       -3.31500        3.31600 
   C        1.46300       -1.61800        3.61000 
   C        2.37800       -1.04100        4.48300 
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   H        2.73700       -0.18700        4.27700 
   C        2.79200       -1.68300        5.65900 
   C        3.70900       -1.03800        6.60700 
   C        4.00900       -1.67700        7.83600 
   C        4.84300       -1.01000        8.77800 
   C        5.14800       -1.64700       10.06100 
   C        4.61500       -2.92900       10.33900 
   C        4.88500       -3.53000       11.59000 
   C        4.40300       -4.88500       11.86200 
   C        3.65400       -5.56100       10.87300 
   C        3.21800       -6.87900       11.12300 
   C        2.29800       -7.53100       10.18500 
   C        1.92900       -6.86800        9.00000 
   C        1.00200       -7.49600        8.11900 
   C        0.58500       -6.79600        6.89800 
   C        1.15100       -5.52800        6.59800 
   C        0.73000       -4.84700        5.44300 
   C        1.33500       -3.55900        5.09500 
   C        2.25200       -2.95300        5.98800 
   C        2.61400       -3.61800        7.21400 
   C        3.47000       -2.97900        8.13900 
   C        3.79400       -3.61100        9.36500 
   C        3.29400       -4.90300        9.63800 
   C        2.45400       -5.55600        8.70700 
   C        2.09000       -4.90000        7.50600 
   C       -2.06500       -7.15900        4.11700 
   C       -2.54000       -6.43100        3.02600 
   C       -2.64400       -8.38500        4.44300 
   C       -3.59500       -6.93000        2.26200 
   H       -2.08400       -5.46400        2.76900 
   C       -3.69800       -8.88400        3.67800 
   H       -2.26900       -8.95900        5.30400 
   C       -4.17400       -8.15700        2.58800 
   H       -3.97000       -6.35700        1.40100 
   H       -4.15400       -9.85100        3.93500 
   H       -5.00500       -8.55000        1.98500 
   C       -0.00400      -10.61800       10.14400 
   C       -0.96200      -11.19400        9.30900 
   C        0.29600      -11.21000       11.37100 
   C       -1.62000      -12.35900        9.70100 
   H       -1.19800      -10.72700        8.34100 
   C       -0.36100      -12.37600       11.76300 
   H        1.05100      -10.75600       12.03000 
   C       -1.31900      -12.95100       10.92800 
   H       -2.37400      -12.81300        9.04200 
   H       -0.12400      -12.84200       12.73000 
   H       -1.83700      -13.87000       11.23700 
   C        4.64400       -7.54700       14.64100 
   C        4.26200       -8.87300       14.85300 
   C        5.33700       -6.85400       15.63400 
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   C        4.57200       -9.50400       16.05800 
   H        3.71600       -9.41900       14.07000 
   C        5.64800       -7.48600       16.83800 
   H        5.63900       -5.81000       15.46700 
   C        5.26500       -8.81000       17.05000 
   H        4.27100      -10.54800       16.22500 
   H        6.19400       -6.93900       17.62100 
   H        5.51000       -9.30800       18.00000 
   C        7.05600       -0.84500       13.30900 
   C        7.29400       -1.43200       14.55300 
   C        7.60000        0.40500       13.01300 
   C        8.07500       -0.76900       15.49900 
   H        6.86500       -2.41700       14.78700 
   C        8.38300        1.06700       13.95900 
   H        7.41300        0.86800       12.03300 
   C        8.62000        0.48100       15.20200 
   H        8.26300       -1.23100       16.47900 
   H        8.81200        2.05200       13.72500 
   H        9.23600        1.00300       15.94800 
   C        5.60100        2.29700        6.96100 
   C        6.39400        2.95100        7.90500 
   C        5.30700        2.91800        5.74700 
   C        6.89200        4.22600        7.63500 
   H        6.62600        2.46200        8.86200 
   C        5.80600        4.19300        5.47700 
   H        4.68200        2.40300        5.00300 
   C        6.59800        4.84700        6.42000 
   H        7.51700        4.74100        8.37800 
   H        5.57400        4.68200        4.52000 
   H        6.99100        5.85100        6.20700 
   C        0.99800       -0.88000        2.34100 
   C        1.49700        0.39100        2.05100 
   C        0.07900       -1.48200        1.48100 
   C        1.07600        1.05900        0.90100 
   H        2.22100        0.86500        2.72900 
   C       -0.34100       -0.81300        0.33000 
   H       -0.31400       -2.48300        1.70900 
   C        0.15700        0.45700        0.04100 
   H        1.46900        2.06000        0.67200 
   H       -1.06500       -1.28800       -0.34800 
   H       -0.17400        0.98400       -0.86600 
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Crystallographic Information 
 
CCDC deposition number 2335088 contains the supplementary crystallographic data for this paper.56 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Refinement Details In each case, crystals were mounted on a glass fiber or MiTeGen loop using 

Paratone oil, then placed on the diffractometer under a constant nitrogen stream. Low temperature 

(175 K) X-ray data were obtained on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS 

based diffractometer (Mo IμS HB micro-focus sealed X-ray tube, Kα = 0.71073 Å or Cu IμS HB 

micro-focused X-ray tube, Kα = 1.54178). All diffractometer manipulations, including data 

collection, integration, and scaling were carried out using the Bruker APEXII software.57 Absorption 

corrections were applied using SADABS.58 Space groups were determined on the basis of systematic 

absences and intensity statistics and the structures were solved in the Olex 2 software interface59 by 

intrinsic phasing using XT (incorporated into SHELXTL)60 and refined by full-matrix least squares 

on F2. All non-hydrogen atoms were refined using anisotropic displacement parameters, except in 

some cases with heavily distorted solvent. Hydrogen atoms were placed in the idealized positions and 

refined using a riding model. The structure was refined (weighed least squares refinement on F2) to 

convergence. Graphical representation of structures with 50% probability thermal ellipsoids was 

generated using Diamond 3 visualization software.61 
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Table 6. Crystal data and structure refinement for HPC-N12(ArtBu)6. 
CCDC Number6 2335088 

Empirical formula C116.94H128.94Cl8.84N12 
 

Formula weight 2015.80 
 

Temperature/K 
175.0 
 

Crystal system Triclinic 
 

Space group 
P-1 
 

a/Å 14.3540(6) 
 

b/Å 18.2341(6) 
 

c/Å 
23.2636(10) 
 

α/° 110.586(3) 
 

β/° 
101.322(3) 
 

γ/° 93.081(3) 
 

Volume/Å3 5538.9(4) 
 

Z 
2 
 

ρcalc g/cm3 1.209 
 

μ/mm-1 
2.448 
 

Abs. Correction Semi-empirical 
 

Crystal size/mm3 
0.2 × 0.2 × 0.1 
 

Radiation 
CuKα (λ = 1.54178) 
 

2Θ range/° 5.344 to 133.268 
 

GOF 1.050 
 

Diffractometer PHOTON 
 

R1
a, wR2

b [I>2σ(I)] 0.0747, 0.2025 

aR1 = Σ||F0| − |Fc||/Σ|F0|. bwR2 = [Σ[w(F0
2−Fc

2)2]/Σ[w(F0
2)2]1/2  
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Table 7. Comparison of select bond lengths between 2,9-bis(2,6-dimethoxyphenyl)-1,10-
phenanthroline (left) and HPC-N12(ArtBu)6 (right, truncated structure). 

 
2,9-bis(2,6-

dimethoxyphenyl)-1,10-
phenanthroline bond 

lengths (Å)19
 

Decamethylphenanthrene 
bond lengths (Å)20

  

HPC-N12(ArtBu)6 
bond lengths (Å) 

C16-C26: 1.457 C16’-C26’ 1.453 C3F-C1A: 1.480(2) 

C12-C31: 1.508 N/A C4A-C5A: 1.486(2) 

C15-C14: 1.415 C15’-C14’: 1.420 C3A-C2A: 1.412(4) 

C17-C27: 1.356 C17’-C27’: 1.332 C6A-C6F: 1.408(4) 

C17-C15: 1.461 C17’-C15’: 1.446 C6A-C2A: 1.427(3) 

C15-C16: 1.425 C15’-C16’: 1.393 C2A-C1A: 1.406(3) 
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Figure 23. A. Top-down view of HPC-N12(ArtBu)6 unit cell and B. side-on view, each highlighting 

optimal π stacking requires each unit to be offset. 
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INVESTIGATING CO2 REDUCTION ON Cu WITH CASCADE CATALYSIS 

INVOLVING SUPPORTED MOLECULAR COMPLEXES  
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INTRODUCTION 

Converting carbon dioxide to value-added chemicals at high activities and 

efficiencies is of interest towards achieving a net zero carbon economy.1–3 Achieving highly 

selective CO2 reduction on Cu to C2+ products is of interest at relatively positive potentials 

since less energy would be expended; few strategies have been reported.4–6 

 Immobilization of molecular complexes that are highly active for CO2R to CO 

(Table 1) onto Cu electrodes has demonstrably elevated selectivity/activity for C2+ 

products.7–11 Some work has proposed spillover of CO into *CO, whereby enhanced 

population on Cu facilitates C2+ generation.8 Up to 40% Faradaic efficiency (FE) for C2+ 

products at –0.5 V vs. RHE in 0.1 M KHCO3(aq) was achieved by Sargent and co-workers 

with immobilized Cl-FeTPP.8 

Table 1. Comparing CO2R data between supported molecular complexes 

Compound/support 

Weight 
percent 
metal 

complex 
(wt%) 

E (V vs. 
RHE) FECO (%) TOF (s–1) 

 

tBu
bpyRe(CO)3Cl/MWCNT12 23.1 –0.56 99 1.6  

CoPc/MWCNT13 3.5 –0.68 92 4.1  

TPPFe-Cl/MWCNT14 3.6 –0.63 96 0.94  

 Previous work with pyridinium films highlighted elevated FEC2+ due to HER 

suppression.15–17 In addition, molecular dynamics simulations have suggested enhanced 

CO residence time provided by the film relative to bare Cu.18 It is envisioned that 

incorporation of a pyridinium-derived film with a highly active CO2R to CO molecular at 
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potentials more positive than –1.1 V vs. RHE19 (Table 1) would enhance formation of 

C2+ due to CO spillover (Figure 1).  

 

Figure 1. Proposed scheme for generation of C2+ products from enhanced CO spillover 

with immobilized molecular CO2R complexes on Cu. 

RESULTS AND DISCUSSION 

i) Layer-by-layer deposition of molecular complex inks and pyridinium-derived 

film 

Several deposition strategies are illustrated in Figure 2 to account for possible 

insulation of film with respect to potential CO spillover.20 The film can be electrodeposited 

from 30-minute chronoamperometry in 0.1 M KHCO3(aq). CoPc/MWCNT (1 mg each per 

mL iPrOH) can then be drop casted onto Cu foil; this material is one of the most active 

supported molecular complexes for CO2R to CO.13,21 An additional “layer” of IsqPh film 

can be electrodeposited after incorporating CoPc/MWCNT to form a “sandwiched” film-

CoPc/MWCNT-film coating. Alternatively, CoPc/MWCNT can be drop casted onto bare 

Cu foil followed by electrodeposition of IsqPh film.  
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Figure 2. A. Molecular complexes (green box) and film precursor IsqPh (gray box). B. 

Electrodeposition of film following by drop casting of ink (molecular complex + MWCNTs). 

C. Drop casting following by electrodeposition. 

CoPc/MWCNT without film (Figure 2C, first intermediate) led to high Faradaic 

efficiency for CO and minimal formation of H2 compared to bare Cu (Figure 3). CO2 

electrolysis with film-CoPc/MWCNT-film on Cu (Figure 2B, last intermediate) at –1.1 V 

vs. RHE revealed the greatest selectivity for C2+ products compared to all other conditions 

tested, but the activity was substantially less than bare Cu and Cu bearing IsqPh film 

(Figure 2B, first intermediate). The high activity towards CO suggests that cascade 

catalysis involving CO conversion to C2+ products is not taking place. It is evident that this 

strategy does not enhance CO residence time at the Cu foil surface to facilitate enhanced 

*CO-*CO coupling.  
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Figure 3. Selectivity profile showing FEs (columns, left axis) and total current density 

(white squares, right axis) for various immobilization/electrodeposition conditions on Cu 

foil. Electrolyte: 0.1 M KHCO3(aq). Column boxed in red (Film-[Co]-film, –1.1 V vs. RHE) 

represents highest FEC2+ relative to bare Cu. 

 
Figure 4. Selectivity profile from CoPc/MWCNT + IsqPh film on Cu/PTFE in a GDE 

configuration. Starred (*) data points represent a single electrolysis experiment. 
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It was hypothesized that polycrystalline Cu foil does not bear sufficient activity 

to convert high local [CO] to C2+ products. Attention was then to Cu gas diffusion 

electrodes (GDEs). Electrodes were prepared via sputtering of Cu nanoparticles onto 

poly(tetrafluoroethylene) (Cu/PTFE), and experiments were carried out in a Cu GDE flow 

cell (Figure 4).17 No improvement in performance relative to either bare Cu or film was 

observed despite incorporation of CoPc/MWCNT. Reports in the literature have 

demonstrated up to 2-fold increase in |jC2+| with CoPc/MWCNT as a coating on bare Cu.11 

Significant increase in j is observed in the present work (Figure 4). The lack of further 

increase in activity could be due to HER suppression by the film, leading to ~4-fold 

attenuation in j.15,16 The inability of CO to penetrate the film cannot be ruled out.18 

Experiments with tBubpyRe(CO)3Br/MWCNT were carried out on polycrystalline 

Cu foil (Figure 5); this material has demonstrated highly active CO2R to CO in KHCO3(aq) 

electrolyte. Significant improvement was observed at –0.82 V vs. RHE with film- 

tBubpyRe(CO)3Br/MWCNT-film (FEC2+ = 45%) compared to bare Cu (FEC2+ = 0%). 

Despite the improvement in FEC2+, cascade catalysis is not evident due to significant 

formation of formic acid (FEHCOOH = 40%) observed with tBubpyRe(CO)3Br/MWCNT on 

Cu, which differs from high FECO (80%) catalyzed by CoPc/MWCNT (Figure 2). 

Conversion of CO2 to formate on Cu cannot further on lead to generation of C2+ products 

as determined by previously investigated reaction pathways on Cu.22 These observations 

do not support the CO spillover hypothesis. 
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Figure 5. Selectivity profile from tBubpyRe(CO)3Br/MWCNT + IsqPh film on Cu foil. 

Electrolyte: 0.1 M KHCO3(aq). Red boxes compare data with greatest improvement in FEC2+. 

Starred (*) data points represent a single electrolysis experiment. Double-starred (**): no 

gaseous or liquid products were observed from electrolysis (j = –40 µA). Dagger (†) 

represents electrolysis experiments run for 60 minutes. 

Next, CO2R experiments were carried out with the chloride analogue 

tBubpyRe(CO)3Cl/MWCNT (Figure 6). The bromide anion was hypothesized to play a 

signficant role in improving CO2R activity; previous reports found that bromide restructuring 

of Cu surface as evident by atomic force microscopy (AFM) enhanced CO2R performance.23 

Elevation in FEC2+ was found with tBubpyRe(CO)3Cl/MWCNT, albeit less significantly 

activity enhancement with the bromide analogue. These findings suggest that the halide was 

responsible for improvement in CO2R, rather than CO spillover.   
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Figure 6. Selectivity profile from tBubpyRe(CO)3Cl/MWCNT + IsqPh film on Cu foil. 

Electrolyte: 0.1 M KHCO3(aq).  

ii) Mixing films/molecular complexes with Cu nanoparticles 

Additional experiments were carried out mixing Cu nanoparticles (CuNPs) with 

molecular electrocatalyst inks prior to deposition onto carbon paper (38 BC, Fuel Cell 

Store). Prior work mixing AgNPs and CuNPs followed by drop casting suggested that this 

approach might be preferred for cascade catalysis.7 

While there was improvement in FEC2+ with the CoPc ink + CuNP + IsqPh film set 

of conditions (Table 2, Entry 1) relative to the absence of film (Entry 3), this did not 

outperform CuNPs coated with IsqPh film, suggesting improvement in performance due 

to IsqPh film rather than cascade catalysis. Entry 1 displayed high FECO relative to Entry 

3, suggesting that CO did not spillover to yield C2+ products. In any set of conditions 
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utilizing IsqPh film, the current density magnitude is lower by up to a factor of 6.5 

relative to the film-absent experiments. 

 

Table 2. Selectivity profile from various ink compositions of CoPc/MWCNT + CuNPs + 

IsqPh film. 

 E (V vs. 
RHE) 

 
H2 CO HCOOH CH4           C2H4 C2H5OH C3H7OH CH3OH Total j (mA/cm2) 

CoPc 
ink + 

CuNP 
+ 

IsqPh 
film 

-0.9 18 + 
7 

54 + 
5 9 + 3 0           8 + 2 23 + 5 0 0 111 

+ 10 –0.7 + 0.2 

CuNP 
+ 

IsqPh 
film 

-0.9 10 + 
4 

0.8 + 
0.5 24 + 6 0 10 + 5 22 + 5 19 + 10 0 85 + 

10 –1.1 + 0.7 

CoPc 
ink + 

CuNP 
-0.9 13.5  63.0 0.07 0 1.0 4.3 0 0 82 –4.6  

CoPc 
ink  -0.9 5.3 + 

0.8 
42 + 
4 6 + 6 0 0  0 0 13 + 2  67 + 

7 –7.3 + 0.3 

CuNP -0.9  37.7 12.6 13.3 6.6 15.1 14.0 7.1 0 97.4 –3.4 

 
CONCLUSIONS 
 

In summary, tandem catalysis involving highly active CO-generating CO2R 

electrocatalysts coupled with Cu electrodes was investigated.  No elevation in CO2R 

performance was evident wih  IsqPh film and CoPc ink. Improvement in performance from 

tBubpyRe(CO)3Br/MWCNT is due to the bromide anion likely restructuring the Cu surface, 

leading to improved CO2R performance. Mixing CuNPs with CoPc/MWCNT and/or IsqPh 

film did not lead to successful establishment of cascade catalysis involving CO spillover. 

Future work could be dedicated to more judicious electrode engineering, where the electrode 

is prepared such that certain film(s) could be appliedertain geometric area of the electrode, 

thus localizing CO to facilitate *CO-*CO coupling for enhance C2+ product. 
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EXPERIMENTAL 
 
Materials and Methods 

General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. Isoquinoline was 

dried by dissolving in diethyl ether and stirring in calcium hydride under inert atmosphere for 12 h 

and filtered over a pad of alumina. N-phenyl isoquinolinium triflate was prepared using reported 

procedures, and the 13C and 1H NMR spectra are in agreement.17,24,25 tBubpyRe(CO)3Br and 

tBubpyRe(CO)3Cl were prepared following a reported procedure; 1H NMR spectra are in agreement.26 

Dichloromethane was dried by passing over activated alumina by the method of Grubbs27 and stored 

over 3 Å molecular sieves in a N2-filled glovebox.  

Copper foil (product number 266744, 99.999% Cu, 25 mm × 50 mm × 1 mm), phosphoric 

acid (85%, TraceSelect), potassium carbonate (99.995%), potassium hydroxide (semiconductor 

grade, 99.99% trace metals basis), and potassium chloride (99.999% trace metals basis) were 

purchased from Sigma Aldrich). The leakless Ag/AgCl reference electrode was purchased from 

Innovative Instruments. Platinum foil (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased from 

Alfa Aesar. Carbon rods (99.999% C) were purchased from Strem Chemicals. Perchloric acid (67-

72%, TraceSELECT, for trace analysis) was purchased from Fluka Analytical. Natural abundance 

CO2 (Research grade) was purchased from Airgas. Deuterium oxide (D 99.96%) and d6-

dimethylsulfoxide (D 99.8%) were purchased from Cambridge Isotope Laboratories. The 1H and 13C 

NMR spectra were recorded on a Bruker 400 MHz instrument with a prodigy broadband cryoprobe. 

Shifts were reported relative to the residual solvent peak. 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) 

or a Milli-Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 

MΩ·cm at 25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used 

to determine the pH of the electrolytes before experiments.  
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Electrolyte Preparation.  

Potassium bicarbonate electrolyte (KHCO3(aq), 0.1 M) was prepared by sparging an aqueous solution 

of potassium carbonate (K2CO3(aq), 0.05 M) with CO2 for at least 1 hour prior to electrolysis. This 

process converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2.  

 

Electrode Preparation 

Before each experiment, copper foil was polished to a mirror-like finish using diamond paste (3 µm, 

then 1 µm) followed by rinsing with water and drying with a stream of nitrogen gas. The copper foil 

was then electropolished using the following method: in an 85% phosphoric acid bath, +400 mA was 

applied to the Cu foil until a potential of +2.3 V versus carbon rod was reached, and this potential 

was held for 5 minutes. The foil was subsequently washed with nano-pure water and dried under a 

stream of nitrogen gas. Platinum foil as the counter electrode was rinsed with water and flame-

annealed using a butane torch for 10 s. 

 

The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Cu onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Cu target (99.99%) at a sputtering rate of 1 Å s–1.  

 

The preparation of the catalyst ink was adapted from previous work investigating supported molecular 

electrocatalysts.12,28,29 8.0 mg of metal complex (CoPc or tBubpyRe(CO)3X, where X = Br or Cl) was 

dissolved in 8 mL of 2-propanol. 8.0 mg of MWCNTs were added to this solution to form a black 

suspension, which was sonicated for 60 minutes. 40 µL of this ink was drop casted onto 5 cm2 of 

either 1) freshly polished polycrystalline Cu foil or 2) Cu foil bearing electrodeposited IsqPh film. 
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After drop casting, the electrode was allowed to dry under ambient conditions for 2 hours. A 

similar protocol was carried out with Cu/PTFE. 

 

Electrochemical Measurements in the Flow Cell 

Chronoamperometry measurements were carried out in a custom-made PEEK flow cell setup similar 

to the one reported by Ager and co-workers using a copper foil as the working electrode and a 

platinum foil as the counter electrode.30 The cathode compartment was separated from the anode 

compartment by a Selemion AMV anion-exchange membrane (AGC Engineering Co.). All potentials 

were measured versus a leakless Ag/AgCl reference electrode (Innovative Instruments) with an outer 

diameter of 5 mm that was inserted into the cathode compartment. The reference electrode was 

calibrated against H+/H2 on Pt in a 0.5 M sulfuric acid solution (0 V vs. standard hydrogen electrode) 

and saturated calomel electrode (SCE) (+0.241 V saturated vs. standard hydrogen electrode). All 

electrochemical measurements were carried out using a Biologic VMP3 multichannel potentiostat. 

The applied potentials were converted to the reversible hydrogen electrode (RHE) scale with iR 

correction through the following equation: 

 

Ecorrected (vs. RHE) = Eapplied (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + (0.15) iR 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

electrochemical impedance spectroscopy (EIS) in the frequency range of 105 – 0.1 Hz with an 

amplitude of 10 mV. 

 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to each electrolysis experiment to determine the Ohmic resistance of the flow cell. The impedance 

measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to measure the 
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solution resistance. A Nyquist plot was plotted and in the low-frequency part, a linear fit was 

performed, and the axis intersection was calculated. The value of this intersection represents the 

Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typically, resistance measurements ranged from 40 to 50 Ω.  

 

All chronoamperometric experiments were performed for 30 min (unless otherwise stated) at 25 °C 

using a CO2-saturated electrolyte of choice. In experiments where an additive was used, a 10 mM 

solution of the materials was prepared and injected into the cathode compartment. The same 

electrolyte was used in the anode without any additive. The potentiostat was set to compensate for 85 

% of the Ohmic drop, with the remaining 15 % being compensated for after the measurements. The 

effluent gas stream coming from the flow cell (5 mL/min) was flowed into the sample loops of a gas 

chromatograph (GC-FID/TCD, SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D 

and Molsieve 5A columns. Methane, ethylene, ethane, and carbon monoxide were detected by a 

methanizer-flame ionization detector (FID) and the hydrogen was detected by a thermal conductivity 

detector (TCD). Every 15 minutes, 2 mL of gas was sampled to determine the concentration of 

gaseous products. After electrolysis, the liquid products in both catholytes and anolytes were 

quantified by both HPLC (Thermo Scientific Ultimate 3000) and 1H NMR spectroscopy (Bruker 400 

MHz Spectrometer). 

 

Electrochemical Measurements in the GDE Cell 

The CO2R measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronopotentiometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.17 The liquid-electrolyte flow cell consists of 

three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE electrode was 

sandwiched between CO2 gas chamber and catholyte chamber with an exposure area of 0.5 cm–2. 
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Catholyte and anolyte chambers were separated by a cation-exchange membrane (Nafion 115, 

FuelCellStore). An Autolab PGSTAT204 in a potentiostatic mode was used as electrochemical 

workstation. The PTFE electrode, leakless Ag/AgCl electrode, and Pt mesh were employed as 

working, reference and counter electrodes, respectively. The applied potentials were converted to the 

reversible hydrogen electrode (RHE) scale with iR correction through the following equation: 

 

Ecorrected (vs. RHE) = Eapplied (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

electrochemical impedance spectroscopy (EIS) in the frequency range of 105 – 0.1 Hz with an 

amplitude of 10 mV. The appropriate CO2-saturated electrolyte was used as both catholyte and 

anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with CO2 during the entire electrolysis process. The electrolyte 

flow rate was kept at 10 mL min–1. The flow rate of the CO2 gas flowing into the gas chamber was 

kept at 50 sccm by a digital mass flow controller. 

 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to and after each electrolysis experiment to determine the Ohmic resistance of the flow cell.31 The 

impedance measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to 

measure the solution resistance. A Nyquist plot was plotted and in the high-frequency part a linear fit 

was performed, and the axis intersection was calculated. The value of this intersection represents the 

Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typically, small resistances were measured, ranging from 4 to 7 Ω.  
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All chronoamperometric experiments were performed for 30 min at 25 °C using a CO2-saturated 

electrolyte of choice. Before each CO2 electrolysis experiment, the film was deposited via CA at –1.1 

V vs. RHE for 5 minutes with 10 mM [additive] flowing in the catholyte. The anolyte contained the 

same electrolyte composition absent of any additive. The catholyte was replaced with fresh electrolyte 

before the subsequent chronopotentiometry experiment. The entire Ohmic drop was compensated 

before and after the measurement. The effluent gas stream coming from the flow cell (5 mL/min) was 

flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, in Multi Gas 5 

configuration) equipped with HayeSep D and Molsieve 5A columns. Methane, ethylene, ethane, and 

carbon monoxide were detected by a methanizer-flame ionization detector (FID) and the hydrogen 

was detected by a thermal conductivity detector (TCD). Every 15 minutes, 2 mL of gas was sampled 

to determine the concentration of gaseous products. After electrolysis, the liquid products in both 

catholytes and anolytes were quantified by both HPLC (Thermo Scientific Ultimate 3000) and 1H 

NMR spectroscopy (Bruker 400 MHz Spectrometer), the latter using 10% v/v D2O with DMSO and 

phenol and standards employing a water suppression technique described in our previous report.15,31 

 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

!! = "#!
$%        (1) 

!#"&'( =	
)"#$%#*"#$%#&

+  .          (2) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  
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Error bars shown in all figures and tables represent standard deviations from at least three 

replicate measurements.  
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SUPPLEMENTARY DATA/FIGURES 
 

 
 
Figure 7. Selectivity profile from tBubpyRe(CO)3Br/MWCNT + IsqPh film on Cu/PTFE in 

GDE cell configuration. Electrolyte: 0.1 M KHCO3(aq). Starred (*) data points represent a 

single electrolysis experiment. 
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Figure 8. Selectivity profile from tBubpyRe(CO)3Br/MWCNT + IsqPh film (single layer) 

on Cu foil in GDE cell configuration. Electrolyte: 0.1 M KHCO3(aq). Starred (*) data points 

represent a single electrolysis experiment. 
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Figure 9. Partial current densities of tBubpyRe(CO)3Br/MWCNT + IsqPh film (single 

layer) on Cu foil compared to IsqPh film. Dagger (†) represents electrolysis experiments run 

for 60 minutes. 
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INVESTIGATING IMIDAZOLIUM-DERIVED FILMS AS MOLECULAR COATINGS 

ON Cu ELECTRODES IN CO2 REDUCTION  
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INTRODUCTION 
 

Converting CO2 to value-added chemicals electrochemically using renewable energy 

is a potential avenue toward achieving a net-zero carbon economy.1 Cu is the only metallic 

electrode where multi-carbon (C2+) products, including C2H4, C2H5OH, and C3H7OH are 

produced from electrochemical CO2 reduction (CO2R).2 However, Cu alone suffers from 

poor selectivity towards C2+ products owing to the significant generation of C1 products and 

hydrogen.2–4  Coating Cu electrodes with organic films is a strategy for steering CO2R 

selectivity towards C2+ products. Organic coatings derived from molecular precursors such 

as pyridinium,5–9 ionic liquids,10–12 amines,13,14 and aryl diazonium and iodonium species15 

have shown promise. Few strategies have been judiciously employed to affect reactivity of 

Cu with CO2. Ionic liquids increase bulk CO2 concentration relative to organic solvents and 

water.16,17 Ionic liquids and imidazolium-containing films have demonstrably elevated [CO2] 

locally at the Cu surface, thus improving CO2R activity to C2+ products.10–12,18,19  

Pyridinium-derived films boosted FEC2+ relative to bare Cu foil via suppression of 

the hydrogen evolution reaction (HER).5,8,9 Moreover, the partial current for all CO2R 

products (|jCO2R|) is attenuated, suggesting that reaction with CO2 is not directly affected by 

the films. It was hypothesized that coupling imidazolium-based films with the 

microenvironment provided by pyridinium films on Cu would enhance |jC2+| and FEC2+ due 

to both 1) elevated local [CO2] and 2) inhibited HER. Two variants of imidazolium films 

were investigated 1) ionomers and 2) imidazolium-bearing styrene compounds for potential 

electrodeposition of the vinyl motif. 
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RESULTS AND DISCUSSION 

Scheme 1. Synthesis of imidazolium-containing styrene and ionomer  

 

Polystyrene ionomers P-N(Tf)2 and P-Cl were prepared in 2-3 steps (Scheme 1).20 

4-vinylbenzyl chloride was reacted with 1-butyl-1H-imidazole to form the imidazolium 

chloride, 1-Cl, followed by anion exchange with lithium bis(trifluoromethylsulfonyl)imide, 

yielding 1-N(Tf)2. Polymerization was carried out in the presence azabis(isobutyronitrile). 

Broadened 1H NMR resonances relative to 1-N(Tf)2 suggest formation of polymer.20 A 

similar preparation was carried out for the polymerization of 1-Cl. 

Each polymer was dissolved in CH3CN (10 mg mL–1), and 40 µL were drop casted 

onto 5 cm2 Cu foil and submitted for chronoamperometry (–1.1 V vs. RHE) with CO2(g) in 

0.1 M KHCO3(aq) (Figure 1). Each polymer marginally diminished Faradaic efficiency (FE) 

for CO2R products relative to bare Cu (55% vs. 20-30%). These polymers did not further 

elevate performance of films either derived from PyTolyl or IsqPh. Similar ionomers were 
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coated on Ag foil, finding boosted HER activity due to proposed enhancement of local 

[HCO3–] by the film.21 

 

 
Figure 1. Selectivity profile showing FEs (columns, left axis) and total current density (white 

squares, right axis) for various ionomers and films derived from IsqPh or PyTolyl. on Cu 

foil. Electrolyte: 0.1 M KHCO3(aq).  

Next, the styrene compound 1-Cl was employed as a film precursor. Vinyl species 

have been investigated for electrodeposition onto Cu, proposed to form a grafted species 

(Scheme 2).22 A 10 mM solution of 1-Cl in 0.1 M KHCO3(aq) was prepared and subject to 

electrolysis in the presence of CO2 (Figure 2). Improvement in FEC2+ at –1.1 V vs. RHE is 

observed relative to bare Cu (26% vs. 50%). |jC2+| decreases by ~1.4-fold (1.8 mA cm–2 vs. 

1.2 mA cm–2). Electrolysis with 10 mM 1-Cl and 5 mM IsqPh boosts FEC2+ (70% vs. 50% 

and 61%) compared to each film precursor by itself. Similar improvement is observed from 

electrolysis at –1.2 V vs. RHE. 
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Scheme 2. Proposed interaction of 1-X upon electrodeposition. 

 

Analysis of partial current densities reveals improvement in |jC2+| by a factor of 2 during 

electrolysis of both 1-Cl and IsqPh relative to bare Cu and IsqPh (Figure 3). The rate of 

HER decreases by a factor of 4 relative to bare Cu; |jH2| is attenuated 3-fold relative to IsqPh. 

These observations suggest two possible impacts on the microenvironment from co-

electrodeposition: 1) proton carrier diffusion limitation5,9 and/or 2) elevation of local CO2 

concentration imposed by imidazolium-derived species (vide infra).18 

 

Figure 2. Selectivity profile from various conditions involving IsqPh and 1-Cl. on Cu foil. 

Electrolyte: 0.1 M KHCO3(aq).  

X–

N+ NnBu

electrode
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Formation of the species illustrated in Scheme 2 was hypothesized upon 

performing electrolysis with 1-Cl, based on previous work investigating electrodeposition of 

vinyl species to generate grafted motifs.22 A film is evident on the Cu foil after electrolysis 

in the presence of 1-Cl; this material is insoluble in CH3CN, CH2Cl2, and dimethylsulfoxide 

(DMSO). Rinsing the film observed from co-electrolysis of 1-Cl and IsqPh with CH2Cl2 

results in a selectivity profile similar to that of bare Cu (Figure 2) at both –1.1 V and –1.2 V. 

This observation suggests that a new species is formed distinct from either film derived from 

1-Cl or IsqPh. 

 
Figure 3. Partial current densities from various conditions involving IsqPh and 1-Cl. on Cu 

foil. Electrolyte: 0.1 M KHCO3(aq).  

1H NMR spectrum of the film generated from co-electrolysis in CD2Cl2 reveals an 

intractable mixture (Figure 4, second from the top), making the exact film structure difficult 

to elucidate. Three multiplets appear between 5.8 and 6.2 ppm, which show up in the NMR 
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of the film recorded from electrodeposition of IsqPh. New multiplets at 7.2 and 5.7 ppm 

appear in the film generated from co-electrolysis as well as a singlet at 4.8 ppm. Thus, a 

mixture of compounds is evident, including the IsqPh film and a new species evident from 

co-electrolysis. Finally, the film from electrolysis of 1-Cl was not soluble in CD2Cl2, 

consistent with previous reports finding imidazolium-derived films insoluble in conventional 

organic solvents.10 X-ray photoelectron spectroscopy (XPS) was employed to ascertain the 

structure of the film on Cu foil. A single N 1s peak assigned as a tertiary amine is observed; 

instead, a feature possessing two distinct features would be assigned as a intact imidazolium 

motif.21 

 
 

Figure 4. 1H NMR spectra (400 MHz) of films observed from electrolysis (0.1 M KHCO3(aq), 

–1.1 V vs. RHE) in the presence of CO2 and 1-Cl.  
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XPS investigations of the film from electrolysis of 1-Cl on the Cu electrode surface 

reveal a single N 1s peak (Figure 5), similar to the report by Han and co-workers investigating 

electrodeposited films from imidazoliums.10 While this peak could conceivably be fit to two 

Gaussian features, an intact imidazolium would possess two distinct N features in the raw 

data based on previously reported XPS spectra of imidazolium-containing ionomers drop 

casted on Ag foil.21 

 

Figure 5. N 1s peak from XPS spectrum of film derived from 1-Cl illustrating two possible 

fits. 

Possible decomposition products are illustrated in Figure 6.23,24 Given the non-

innocent reactivity of imidazolium species under reducing conditions (Table 1), formation of 

these decomposition products cannot be precisely elucidated and are certainly not ruled. 

However, it is unlikely that electrodeposition of 1-Cl leads to formation of the desired grafted 

imidazolium-styrene species (Figure 6, top left).25   
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Figure 6. Possible products from electrodeposition of 1-Cl. 

Attention was turned to understanding how the co-electrodeposited film affects 

reactivity with CO2. To that end, electrolysis was carried out at various partial pressures of 

CO2(g) (pCO2). IsqPh film in pH = 2 electrolyte to yields mostly hydrogen with minimal 

selectivity towards CO2R products when pCO2 = 0.2 atm (see Chapter II, Figure 8). In 

addition, monotonic increase in |jC2+| was observed as a function of increasing pCO2. A 

similar phenomenon is observed in 0.1 M KHCO3(aq) with IsqPh film (Figure 7). When 1-Cl 

is co-electrodeposited, both FEC2+ and |jC2+| are elevated relative to exclusively IsqPh film 

(5 mM).  
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Figure 7. Selectivity profile (top panel) and partial current densities (bottom panel) from 

CO2R at various partial pressures of CO2(g). 

In addition, |jH2| is attenuated relative to IsqPh film. |jC2+| increases until 0.8 atm, wherein a 

plateau is observed (Figure 7). These data are inconsistent with elevated CO2 mass transport 

provided by the film.5,26,27 The trend in decreasing |jH2| is more consistent with proton carrier 

mass transport limitation.5,9 Rotating disk electrochemistry experiments will be carried out 

to validate this hypothesis, where a decrease in proton carrier diffusion coefficient is 

expected from the film.5,9,28 Furthermore, experiments on Cu gas diffusion electrodes (GDE) 

could elevate performance and shed further light on mass transport implications of these 

films (see Chapter III). 
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CONCLUSIONS 

To summarize, elevated performance for CO2R on Cu is observed upon performing 

co-electrodeposition of 1-Cl and IsqPh (FEC2+ = 70%). Improvement in the presence of 1-

Cl film is observed under low pCO2. Characterization data are consistent with a decomposed 

N-heterocycle species derived from imidazolium upon exposure to reducing conditions.  
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EXPERIMENTAL 

Materials and Methods 

General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. Isoquinoline was 

dried by dissolving in diethyl ether and stirring in calcium hydride under inert atmosphere for 12 h 

and filtered over a pad of alumina. Diphenyl iodonium triflate, 1,4-bis(phenyliodonium)phenylene 

triflate, N-tolyl pyridinium triflate, N-phenyl isoquinolinium triflate, 1-(2,4-dinitrophenyl)-

pyridinium chloride, 1-Cl, P-Cl, 1-N(Tf)2, and P-N(Tf)2 were all prepared using reported procedures, 

and the 13C and 1H NMR spectra are in agreement.7,20,29,30 Dichloromethane was dried by passing over 

activated alumina by the method of Grubbs31 and stored over 3 Å molecular sieves in a N2-filled 

glovebox.  

Copper foil (product number 266744, 99.999% Cu, 25 mm × 50 mm × 1 mm), phosphoric 

acid (85%, TraceSelect), potassium carbonate (99.995%), potassium hydroxide (semiconductor 

grade, 99.99% trace metals basis), and potassium chloride (99.999% trace metals basis) were 

purchased from Sigma Aldrich). The leakless Ag/AgCl reference electrode was purchased from 

Innovative Instruments. Platinum foil (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased from 

Alfa Aesar. Carbon rods (99.999% C) were purchased from Strem Chemicals. Perchloric acid (67-

72%, TraceSELECT, for trace analysis) was purchased from Fluka Analytical. Natural abundance 

CO2 (Research grade) was purchased from Airgas. Deuterium oxide (D 99.96%) and d6-

dimethylsulfoxide (D 99.8%) were purchased from Cambridge Isotope Laboratories. The 1H and 13C 

NMR spectra were recorded on a Bruker 400 MHz instrument with a prodigy broadband cryoprobe. 

Shifts were reported relative to the residual solvent peak. 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) 

or a Milli-Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 



 319 

MΩ·cm at 25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was 

used to determine the pH of the electrolytes before experiments.  

 

Electrolyte Preparation 

Potassium bicarbonate electrolyte (KHCO3(aq), 0.1 M) was prepared by sparging an aqueous solution 

of potassium carbonate (K2CO3(aq), 0.05 M) with CO2 for at least 1 hour prior to electrolysis. This 

process converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2. Potassium 

hydroxide electrolyte (0.1 M KOH) was prepared by dissolving solid potassium hydroxide into water 

and sparging for at least 30 minutes prior to electrolysis under CO2.  

 

Electrode Preparation 

Before each experiment, copper foil was polished to a mirror-like finish using diamond paste (3 µm, 

then 1 µm) followed by rinsing with water and drying with a stream of nitrogen gas. The copper foil 

was then electropolished using the following method: in an 85% phosphoric acid bath, +400 mA was 

applied to the Cu foil until a potential of +2.3 V versus carbon rod was reached, and this potential 

was held for 5 minutes. The foil was subsequently washed with nano-pure water and dried under a 

stream of nitrogen gas. Platinum foil as the counter electrode was rinsed with water and flame-

annealed using a butane torch for 10 s. 

 

Electrochemistry 

Electrochemical Measurements in the Flow Cell 

Chronoamperometry measurements were carried out in a custom-made PEEK flow cell setup similar 

to the one reported by Ager and co-workers using a copper foil as the working electrode and a 

platinum foil as the counter electrode.32 The cathode compartment was separated from the anode 

compartment by a Selemion AMV anion-exchange membrane (AGC Engineering Co.). All potentials 
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were measured versus a leakless Ag/AgCl reference electrode (Innovative Instruments) with an 

outer diameter of 5 mm that was inserted into the cathode compartment. The reference electrode was 

calibrated against H+/H2 on Pt in a 0.5 M sulfuric acid solution (0 V vs. standard hydrogen electrode) 

and saturated calomel electrode (SCE) (+0.241 V saturated vs. standard hydrogen electrode). All 

electrochemical measurements were carried out using a Biologic VMP3 multichannel potentiostat. 

The applied potentials were converted to the reversible hydrogen electrode (RHE) scale with iR 

correction through the following equation: 

 

Ecorrected (vs. RHE) = Eapplied (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + (0.15) iR 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

electrochemical impedance spectroscopy (EIS) in the frequency range of 105 – 0.1 Hz with an 

amplitude of 10 mV. 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were carried out prior 

to each electrolysis experiment to determine the Ohmic resistance of the flow cell. The impedance 

measurements were carried out at frequencies ranging from 200 kHz to 100 MHz to measure the 

solution resistance. A Nyquist plot was plotted and in the low-frequency part, a linear fit was 

performed, and the axis intersection was calculated. The value of this intersection represents the 

Ohmic resistance of the cell. An average of 3 measurements was taken to calculate the value of R. 

Typically, resistance measurements ranged from 40 to 50 Ω.  

All chronoamperometric experiments were performed for 35 min at 25 °C using a CO2-saturated 

electrolyte of choice. In experiments where an additive was used, a 10 mM solution of the materials 

was prepared and injected into the cathode compartment. The same electrolyte was used in the anode 

without any additive. The potentiostat was set to compensate for 85 % of the Ohmic drop, with the 

remaining 15 % being compensated for after the measurements. The effluent gas stream coming from 
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the flow cell (5 mL/min) was flowed into the sample loops of a gas chromatograph (GC-

FID/TCD, SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A 

columns. Methane, ethylene, ethane, and carbon monoxide were detected by a methanizer-flame 

ionization detector (FID) and the hydrogen was detected by a thermal conductivity detector (TCD). 

Every 15 minutes, 2 mL of gas was sampled to determine the concentration of gaseous products. 

After electrolysis, the liquid products in both catholytes and anolytes were quantified by both HPLC 

(Thermo Scientific Ultimate 3000) and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer). 

For variable partial pressure CO2 (pCO2) experiments, the standard electrolyte mixture (0.1 M 

KH2PO4/H3PO4, pH = 2) and applied potential (–1.4 V vs. RHE) were used for each partial pressure. 

Argon was utilized as the balance gas such that the total flow rate was remained at 10 sccm. For 

example, in the case where pCO2 = 0.8 atm, the flow rate of CO2 was 8 sccm and that of Ar was 2 

sccm. 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

                                                                                !! = "#!
$%          (1) 

!#"&'( =	
)"#$%#*"#$%#&

+  .                    (2) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  

Error bars shown in all figures and tables represent standard deviations from at least three replicate 

measurements.  
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X-ray photoelectron spectroscopy 

XPS data were collected using a Kratos Axis Nova system with a base pressure of 1 × 10−9 Torr. 

The X-ray source was a monochromatic Al Kα line at 1486.6 eV. Data were analyzed using CasaXPS. 

Spectral energy for all spectra were calibrated using the Cu 2p3/2 peak (932.63 eV). To calculate the 

atomic ratio of elements, a Shirley background was subtracted. The core-level intensities were 

corrected by the analyzer transmission function and relative sensitivity factors to obtain corrected 

peak intensities, which were used to calculate the atomic ratios. 

 

SUPPLEMENTARY FIGURES/DATA 

 

Figure 8. Complete XPS spectrum of film derived from electrodeposition of 1-Cl. 
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Table 1. Selectivity profiles from electrolysis with various imidazolium species 

 E (V vs. 
RHE) 

 

H2 CO HCOOH CH4           C2H4 C2H5OH C3H7OH Total j 
(mA/cm2) 

1-Cl -1.1 28 + 
9 4 + 1 12 + 2 8 + 2 23 + 2 16 + 3 13 + 2 104 + 

10 –2.4 + 0.4 

Benzyl 
imidazolium -1.1 86.0 1.6 7.1 1.7 0.8 0 0 97.1 –4.2 

2 -1.1 31.1  4.6 20.5 1.5 15.2 11.0 14.0 98.1 –1.4  

Bare Cu  -1.1 45 + 
7 

1.7 + 
0.5 4.7 + 0.3 16 + 

4 20 + 3  6 + 1 1.0 + 0.2  98 + 
6 –6.4 + 0.3 
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INTRODUCTION 

The incorporation of nitrogen moieties has allowed nanographene mimics to serve as 

ligands to metal complexes, creating unprecedented electrocatalytic and photophysical 

properties. Draper and co-workers reported one of the first syntheses of a nitrogen-doped 

hexabenzocoronene (HBC) and demonstrated its ability to serve as a ligand.1,2 The authors 

were able to characterize the HBC ligand via NMR spectroscopy and examine the absorption 

and emission spectra, but no solid state characterization from single-crystal X-ray diffraction 

was obtained.  

Addition of a metal impacted photophysics of the HBC.3 The [Ru(bpy)2]2+ complex 

of iii was prepared and characterized via NMR (Scheme 1). This complex possessed a broad 

emission feature at lmax = 880 nm, lower in energy than that of [Ru(bpy)3]2+. The 

phenomenon is explained by the remarkable electron delocalization provided by the 

nanographene ligand. 

Metal complexes of nitrogen-doped nanographenes have also been prepared in the 

context of electrocatalysis. The role of metal atoms as dopants in nitrogen-doped graphene 

has been investigated to understand how single atom catalysts (SACs) facilitate 

electrochemical transformations.4–11 However, this nomenclature does not consider the 

putative role of the graphene environment in facilitating electrocatalysis. To gain further 

insight into the effects of metal centers on the properties of N-containing extended π systems, 

discrete molecular species can be prepared and investigated for electrocatalysis. Li and co-

workers synthesized an HBC-containing ligand coordinated to [Re(CO)3Cl] (Figure 1), 

facilitating CO2 reduction (CO2R) at 800-mV lower overpotentials.4,7  
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Scheme 1. Metalations reported by Draper and co-workers. Conditions: (i) 

[Ru(bpy)2Cl2]. (ii) [Pd(η3-C3H5)(CH3CN)2](NO3) 

 

Nanographene bearing other main group heteroatoms has been explored by Wagner 

and co-workers to explore effects on photoluminescence (Figure 2).12,13 Their work has 

highlighted a facile, modular synthesis that involves oxidative photocyclization for graphene 

doped with either nitrogen, boron, silicon, or different combinations thereof (Scheme 2). 

Notably, the coordinating properties of these systems are underexplored.  

 

Figure 1. Lehn complexes for CO2R. a) Tricarbonylbipyridinechlororhenium(I) catalyst for 

CO2 reduction. b) Analogous rhenium complex reported by Li and co-workers in which the 

“bipyridine” ligand is linked to a substituted hexabenzocoronene via a pyrazine.  
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Figure 2. Top: Oxidative photocyclization of a generic compound explored by the Wagner 

group. Bottom: Representative previously reported extended π systems. Note that the 

compound on the far right (crossed-out in red) was not observed. 

The targeted synthesis of 12b (Scheme 2) resulted in the half-cyclized compound 

12a. Attempts to run the photolysis longer were unsuccessful in yielding 12b; attempting to 

lock the pyridines into a syn conformation via protonation of 11a were also unsuccessful.12 

Although 11a-PdCl2 was isolated, photocyclization was not feasible owing to the complex’s 

insolubility in choice appropriate solvents (benzene, cyclohexane, and toluene).14  

Scheme 2. 11a is photocyclized into 12a instead of 12b.12 

 

RESULTS AND DISCUSSION 
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Scheme 3. Synthesis of compound 6a. 

 

 
Compound 6 was targeted as an intermediate for cyclodehydrogenation into an 

extended π system by forming carbon-carbon bonds between the anthracene and the 3 

position of pyridines (Scheme 3). 9-bromoanthracene is lithiated with tert-butyllithium and 

quenched with di-2-pyridyl ketone. Addition of methanol results in anthracen-9-yldi(pyridin-

2-yl)methanol (5). Deprotonation of 5 with sodium hydride followed by addition of thionyl 

chloride provided compound 6a instead of compound 6. The 1H NMR spectrum in C6D6  

reveals a singlet at 5.91 ppm, which is assigned as the benzylic proton at the 10 position of 

the hydroanthracene backbone, geminal to the chloride. Single-crystal XRD also 

unambiguously reveals that the structure is appropriately represented as 6a rather than 6 

(Figure 3). Chlorinations with thionyl chloride typically proceed via an ion-paired 

intermediate, which leaves the carbon partially positive.15 The carbocation initially forms at 

the tertiary carbon, but it is likely unstable here because of the pyridines and rearranges to 

the 10 position of the anthracene. Attempts to ring-close 6a via either oxidative 

photocyclization or anionic radical coupling have thus far been unsuccessful. 
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Figure 3. Solid state structure of 6a as determined by single-crystal XRD. Thermal ellipsoids 

shown at 50% probability. Hydrogen atoms are omitted for clarity. 

Metalations of 6a with Zn2+ precursors were carried out to understand the 

coordination chemistry of the 2,2’-dipyridyl motif and to begin developing potential 

dioxygen-activating complexes. Similar dipyridyl olefin ligands have been successfully 

metalated with zinc chloride, palladium(II) chloride, and iridium precursors.16,17  

Scheme 4. Synthesis of 6a-ZnCl2 from 6a.  

 

 
 

Stirring 6a with 1 equivalent of ZnCl2 in THF at room temperature (Scheme 4) yields 

a pink suspension. Upon filtration, concentration of filtrate, and extraction with benzene 

results in a colorless solid. Crystals grown from vapor diffusion of pentane into a saturated 

dichloromethane solution were submitted for single crystal XRD studies. The solid-state 

structure reveals a four-coordinate tetrahedral zinc complex with the pyridines bound to the 

zinc center (Figure 4). The C3 and C4 distance of 1.342 Å is indicative of a double bond. 

Stilbene-type oxidative photocyclization has been unsuccessful so far. Metalations of 6a with 
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Zn(OTf)2 have been attempted, but intractable mixtures were typically observed in the 

1H NMR spectra. 

 
Figure 4. Solid state structure of 6a-ZnCl2 as determined by single-crystal XRD. Thermal 

ellipsoids shown at 50% probability. Dichloromethane molecules and hydrogen atoms are 

omitted for clarity. 

Generation of an anionic dipyridylmethanide motif was investigated from complex 

6a-ZnCl2 by adding 3 equivalents of benzyl potassium in THF at room temperature (Scheme 

5). 1H NMR analysis suggest 6a-ZnBn to be the major product. Extraction of the crude solid 

with benzene and crystallization from slow pentane diffusion into a saturated 

dichloromethane solution resulted in X-ray quality crystals. The solid-state structure of 6a-

ZnBn is provided in Figure 5. Notably, the chloride is not evident; instead, a 9-anthracenyl 

substituent is generated. The bond angle C1-C3-C2 is significantly more open in 6a-ZnBn 

by 14.6º compared to 6a-ZnCl2. There are slight contractions of ~0.05 Å in the C1-C3 and 

C2-C3 distances and elongation of the C3-C4 distance by 0.17 Å.  
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Scheme 5. Synthesis of 6a-ZnBn from 6a-ZnCl2. 

 

 
 

To explain the formation of 6a-ZnBn, it is proposed that benzyl potassium performs 

a nucleophilic attack at each chloride bound to the zinc center to release two equivalents of 

potassium chloride. Dibenzyl zinc is reportedly prepared from reaction of ZnCl2 and 2 

equivalents of benzyl magnesium chloride;18 it is plausible that benzyl potassium will exhibit 

similar reactivity to the analogous benzyl Grignard. Bibenzyl is observed via gas 

chromatography-mass spectrum (GC-MS) of the crude reaction mixture (m/z: 182.11, 

retention time: 10.637 min), suggesting that all three equivalents of BnK are required to 

generate 6a-ZnBn. Reacting 2 equivalents of benzyl potassium with 6a-ZnCl2 to make the 

proposed dibenzyl zinc intermediate was unsuccessful and lead to intractable mixtures. 

 

  
 

Figure 5. Solid state structure of 6a-ZnBn as determined by single-crystal XRD. Thermal 

ellipsoids displayed at 50% probability. Hydrogen atoms omitted for clarity. 
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Despite being unable so far to annulate the pyridines with the 9-anthracenyl 

substituent, the delocalization across the pyridines can serve as a model of an SAC active 

site.19 Alkyl zinc complexes are non-innocent in reactions with dioxygen; an oxygen 

insertion compound is typically generated.20-21 Before pursuing reactivity studies with O2, 

attempts to provide substituents with greater steric bulk than benzyl were carried out 

(Scheme 5).  Reacting a benzene solution of 6a-ZnBn with dibenzoylmethane, 2,4,6-

trimethylphenol, 4-tert-butylbenzoic acid, or phenanthrolinium triflate results in the 

formation of an orange precipitate bearing resonances of the 9-

anthracenyldipyridylmethanide motife; no resonances originating from the protonolysis 

reagent is observed. 1H NMR of the mother liquor in each case reveals an intractable mixture. 

Further characterization with single crystal XRD is ongoing. 

Given previously reported success of photocyclization into heteroatom-doped 

nanographene, attention was turned to compounds explored by Wagner and co-workers.12,13 

Furthermore, coordination chemistry of the annulated species was not reported. Towards 

preparation of the ligand, diphenylmethane is reacted with an excess of tert-butyl chloride in 

the presence of aluminum trichloride to install tert-butyl groups in the 4 and 4’ positions, 

respectively (Scheme 6). 4,4’-di-tert-butyl-diphenylmethane 7 is dissolved in 

dichloromethane and treated with bromine in the presence of iron powder to yield the 

dibromide 8. Lithium-halogen exchange followed by quenching with dichlorodimethylsilane 

results in 9. The dimethylsilyl group can be exchanged for an aryl borane in a stepwise 

fashion, which is initiated by stirring 9 in neat boron tribromide to yield the 

bromoboranthracene 9-BBr. Nucleophilic attack from mesityl magnesium bromide provides 

a bulky substituent to facilitate the stability in air of 9a and subsequent intermediates. 
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Silylation with trimethylsilyl chloride provides 10a, and Peterson olefination with di-2-

pyridyl ketone results in 11a. The synthesis of 12a was reproduced from the literature.  

Scheme 6. Synthesis of 12a and 11a. 

 
 

Next, the coordination chemistry of 11a was investigated. Stirring 1 equivalent of 

ZnCl2 in a THF solution of 11a (Scheme 7) results in the formation a pale-yellow solid upon 

extraction with benzene. The 1H NMR spectrum is indicative of formation of 11a-ZnCl2, 

and it possesses a similar pattern to the NMR spectrum of 11a-PdCl2. Significant structural 

distortion to the olefin is brought about by metalation. Particularly, the benzylic protons on 

the mesityl group are all chemically inequivalent due to the lack of front-back symmetry 

(Figure 6). 11a-ZnCl2 is entirely soluble in THF, benzene, and toluene in contrast to 11a-

PdCl2. Single-crystals grown from slow evaporation of pentane into a saturated THF solution 

are awaiting XRD studies, but the photolysis of 11a-ZnCl2 was investigated to determine if 

a fully annulated species could be realized in the presence of a metal.  
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Scheme 7. Synthesis of 11a-ZnCl2 and 13a-ZnCl2. 
 

 
 

Investigating the oxidative photocyclization of 11a-ZnCl2 by 1H NMR for 24 h under 

the same conditions as for the synthesis of 12a reveals the generation of a single species with 

greater symmetry than 11a-ZnCl2. Notably, the ortho benzylic protons on the mesityl group 

are now represented by one resonance (Figure 6). The 1H NMR spectrum is assigned to the 

compound 13a-ZnCl2 (Scheme 7).  

 
Figure 6. 1H NMR spectra (400 MHz, C6D6) of 11a (top), 11a-ZnCl2 (middle), and 13a-

ZnI2 (bottom). 
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Single crystals were obtained from evaporation in a concentrated C6H6 solution into a 

pool of hexamethyldisiloxane (HMDSO). The solid state structure (Figure 7) of 13a-ZnI2 

confirms the formation of a Zn complex bearing a B, N-containing polyaromatic 

hydrocarbon ligand;22 metal complexation and formation of a fully conjugated polyaromatic 

hydrocarbon had eluded synthesis according to the work of Wagner and co-workers.12,13,23 

The mesityl group sits possesses a ~90º dihedral angle with respect to the π system. To 

establish a tetrahedral geometry around Zn, the metal center lies outside of the plane of the 

π system. Moreover, this is necessary to accommodate the nitrogen atoms pointing above the 

plane. 

 

Figure 7. Solid state structure of 13a-ZnI2 as determined by single-crystal XRD. Thermal 

ellipsoids displayed at 50% probability. Hydrogen atoms were omitted for clarity. 
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Scheme 8. Proposed synthesis of Znbpy and ZnAcac 
 

 
 

Halide abstraction was performed followed by addition of a solubilizing bidentate 

ligand (4,4’-di-tert-butyl-2,2’-bipyridine or dibenzoylmethyl potassium) to make a cationic 

species, proposed to have relatively positive reduction potentials ammenable for oxygen 

reduction (Scheme 8). Attempts to incorporate the bipyridine lead to promising NMR 

spectra, but crystallization attempts have been thus far unsuccessful.  

 

Figure 8. Attempted incorporation of acac and resulting solid state structure. Thermal 

ellipsoids drawn at 50% probability. Hydrogen atoms omitted for clarity. 

Attempting to incorporate diphenylacetylacetonate (acac) resulted in formation a 

complex where two acac motifs were bound to Zn, forming a pseudooctahedral complex 

around the metal (Figure 8). Moreover, the mesityl group appeared to be substituted for an 

additional equivalent of acac. To circumvent this phenomenon, an analogous ligand bearing 
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2,4,6-triisopropylphenyl moiety at boron was sought after. Numerous isolation attempts 

of an analytically pure sample have been attempted.  

ii) Attempts to isolate metal complexes of HPC-N12(ArtBu)6 and HPC-N12(ArOMe)6 

 
Figure 9. Proposed multi-metallic complexes from hexabenzocoronene compounds with 

twelve nitrogen dopants.  

With the synthesis of HPC-N12(ArtBu)6 established (see Chapter VII), metal 

complexes were sought after that would be amenable to electrocatalytic CO2R or oxygen 

reduction studies. Owing to the negative reduction potentials observed in the CV of HPC-

N12(ArtBu)6, complexation with zinc chloride was attempted to make these potentials more 

positive to facilitate ORR electrocatalysis.24,25,26 Refluxing a THF solution of excess ZnCl2 

and HPC-N12(ArtBu)6  (Scheme 9) resulted in the formation of an orange precipitate with a 

rather complicated 1H NMR spectrum that illustrated the presence of multiple species. The 

mother liquor contained no aromatic resonances. Unfortunately, crystallization of these crude 

mixtures proved to be quite challenging, and no definitive characterization of any 

components of this mixture was obtained.  
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Scheme 9. Proposed synthesis of LN12(ZnCl2)6. 

 

Reactions with one equivalent of Mn(CO)5Br in refluxing diethyl ether or toluene in 

the dark resulted in apparent unreacted starting material by 1H NMR. Resonances 

corresponding to protons on HPC-N12(ArtBu)6 did not observably shift upfield or downfield, 

and no further characterization via single crystal XRD or mass spectrometry could be 

obtained. Infrared (IR) spectroscopy revealed intractable mixtures. Significant π-stacking 

may have played a role in inhibiting Mn(CO)5Br coordination. The HBC ligand developed 

by Li and co-workers likely circumvented any π-stacking with the development of long-chain 

aliphatic substituents. The steric bulk on HPC-N12(ArOMe)6 was envisioned to circumvent 

issues in metalating HPC-N12(ArtBu)6. 

Refluxing one equivalent of Mn(CO)5Br with HPC-N12(ArOMe)6 in the dark in 

diethyl ether lead to intractable mixtures by 1H NMR spectroscopy. IR spectroscopy revealed 

three new ν(CO) stretches at 2044, 1988, and 1963 cm–1 distinct from the starting materials, 

and they are all blue-shifted compared to the analogous Mn(bpy)(CO)3Br complexes. 
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EXPERIMENTAL 

General considerations. Unless otherwise specified, all operations involving air- or water-sensitive 

reagents were carried out in an MBraun drybox under a nitrogen atmosphere or using standard 

Schlenk and vacuum line techniques. Glassware was oven-dried at 140 ºC for 2 h prior to use on the 

Schlenk line or in the MBraun drybox. Tetrahydrofuran (THF), diethyl ether, toluene, pentane, and 

hexanes for air- and moisture-sensitive reactions were dried by the method of Grubbs.27 Dry N,N-

dimethylformamide (DMF) was purchased from Millipore Sigma and cannula transferred to freshly-

activated 3 Å molecular sieves and stored in a Teflon-sealed Schlenk tube under N2 atmosphere for 

12 hours prior to use. Hexamethyldisiloxane were each vacuum transferred from sodium 

benzophenone ketyl. Deuterated solvents were purchased from Cambridge Isotope Laboratories and 

C6D6 vacuum transferred from sodium benzophenone ketyl before use. CD2Cl2 was vacuum 

transferred from CaH2 before use. CDCl3 was used as received. All solvents, once dried and degassed, 

were stored under a nitrogen atmosphere over 3 Å molecular sieves. 2-bromomesitylene, 2,4,6-

triisopropylbromobenzene, dichlorodimethylsilane, and trimethylsilyl chloride were each distilled 

from CaH2. Sodium hydride dispersion in oil was washed multiple times with hexanes and dried in 

vacuo before used. Benzyl potassium28 and The synthesis for 7-9 and 9a-11a were all carried out 

according literature-reported preparations.12,13 All other reagents were used as received. 1H, and 

13C{1H} spectra were recorded on Varian Mercury 300 MHz or Varian 400 MHz spectrometers at 

ambient temperatures, unless otherwise denoted. 1H and 13C{1H} NMR spectra are reported 

referenced internally to residual solvent peaks reported relative to tetramethylsilane. Gas 

chromatography-mass spectrometry (GC-MS) were performed on an Agilent 6890A instrument using 

a HP-5MS column (30 m length, 0.25 mm diameter, 0.50 μm film) and an Agilent 5973N mass-

selective EI detector. Photolyses were conducted using an Oriel Instruments arc lamp housing and an 

Osram 75 W Xe arc lamp set to a current of 5.4 A.  
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Crystallographic Information: X-ray diffraction data was collected at 100 K (175 K for LN12) on 

a Bruker PHOTON100 CMOS based diffractometer (microfocus sealed X-ray tube, Mo Kα (λ) = 

0.71073 Å or Cu Kα (λ) = 1.54178 Å). All manipulations, including data collection, integration, and 

scaling, were carried out using the Bruker APEXII software. Absorption corrections were applied 

using SADABS. Structures were solved by direct methods using XS (incorporated into SHELXTL) 

and refined by using ShelXL least squares on Olex2-1.2.7 to convergence. All non-hydrogen atoms 

were refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized 

positions and were refined using a riding model. Most crystals included solvent-accessible voids that 

contained disordered solvent. In most cases the solvent could be modeled satisfactorily.  
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Synthesis 

 

Anthracen-9-yldi(pyridin-2-yl)methanol (5). Modified from a previously-reported procedure:29 In 

an N2-purged glovebox, a 500-mL Schlenk flask fitted with a screw-in Teflon stopper was charged 

with 9-bromoanthracene (15.69 g, 61 mmol) and 200 mL THF. A separate 100-mL Schlenk flask was 

charged with di-(2-pyridyl)ketone (12.4 g, 67 mmol) and 50 mL of THF. The flask was sealed, 

brought out of the box, cooled to –78ºC, and a pentane solution of tert-butyllithium (68 mL, 1.9 M) 

was added dropwise via cannula forming a yellow-green solution. The flask was slowly warmed to 

room temperature and stirred for 1 h. The flask was cooled back down to –78ºC, and the di-(2-

pyridyl)ketone solution in THF was added dropwise via cannula. The resulting light-blue solution 

was stirred at room temperature for 6 h. Methanol (50 mL) was added to form a yellow solution, and 

the volatiles were removed under reduced pressure. The crude solid was taken up in DCM (200 mL) 

and washed with deionized H2O (3 x 50 mL). The organic layer was washed with brine, dried over 

MgSO4, and filtered. The volatiles were removed from the filtrate under a reduced pressure. The crude 

red-yellow solid was re-dissolved in a minimum amount of DCM, and pentane (100 mL) was added 

to form a light-yellow precipitate, which was then filtered and washed with pentane (3 x 50 mL) and 

dried in vacuo (13 g, 75%). 1H NMR (400 MHz, C6D6) d = 8.21 (s, 1H, ArH), 8.16 (ddd, 2H, ArH), 

7.96 (dq, 2H, ArH), 7.76 (dquint, 2H, ArH), 7.67 (br s, 1H, -OH), 7.62 (dt, 2H, ArH), 7.07 (td, 2H, 

ArH), 6.84-6.92 (m, 4H, ArH), 6.45 (qd, 2H, ArH). 

 



 345 

 

Figure 10. 1H NMR (400 MHz, C6D6) of 5. 
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Synthesis of 6a. Modified from a previously-reported procedure:30 A 100-mL Schlenk flask fitted 

with a screw-in Teflon stopper was charged with anthracen-9-yldi(pyridin-2-yl)methanol (5) (1.5 g, 

4.1 mmol) and THF. The flask was cooled to 0ºC, and sodium hydride (0.248 g, 10.3 mmol) was 

added as a solid under positive pressure of N2. The resulting yellow suspension was allowed to stir at 

room temperature for 8 h. The flask was cooled again to 0ºC and charged with thionyl chloride (0.33 

mL, 4.5 mL). The resulting red suspension was stirred at room temperature for 4 h, and all the volatiles 

were removed under a reduced pressure until a tan solid remained. The flask was sealed and brought 

into an N2-purged glove box. THF was added to the flask and filtered over a glass frit. DCM was 

added to extract any remaining material. Volatiles were removed from the filtrate in vacuo, and the 

solid was triturated with diethyl ether (3 x 50 mL) and dried for an additional 12 h under vacuum. 

The resulting tan solid was used without further purification (1.02 g, 65%) 1H NMR (400 MHz, C6D6) 

d = 8.46 (dq, 2H, ArH) 7.59 (dt, 2H, ArH), 7.28 (dd, 2H, ArH), 7.1 (app d, 2H, ArH), 6.79-6.86 (m, 

4H, ArH), 6.68 (td, 2H, ArH), 6.47 (qd, 2H, ArH) 5.90 (br s, 1H, CHClCC). 
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Figure 11. 1H NMR (400 MHz, C6D6) of 6a. 
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Synthesis of 6a-ZnCl2. In an N2-purged glovebox, compound 6a (100 mg, 0.263 mmol) was 

suspended in THF in a 20-mL scintillation vial and charged with zinc chloride (35.8 mg, 0.263 mmol) 

with the aid of some THF. The pink suspension was stirred at room temperature for 8 h and 

subsequently filtered over a bed of celite. The filtrate was pumped down to dryness. Colorless, X-ray 

quality crystals were grown from slow evaporation of pentane into a saturated dichloromethane 

solution of the crude solid (30 mg, 22%) 1H NMR (400 MHz, C6D6) d = 8.63 (d, 2H, ArH), 7.19 (d, 

2H, ArH), 6.98 (q, 4H, ArH), 6.79 (t, 2H, ArH), 6.61 (t, 2H, ArH), 6.38 (t, 2H, ArH), 6.21 (app t, 2H, 

ArH), 5.68 (s, 1H, CHClCC). 

 

Figure 12. 1H NMR (400 MHz, C6D6) of 6a-ZnCl2. 
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Synthesis of 6a-ZnBn. A 20-mL scintillation vial was charged with 6a-ZnCl2 (50 mg, 0.1 mmol) 

and dissolved in THF. Benzyl potassium (41.7 mg, 0.32 mmol) was dissolved in THF and added 

dropwise to the vial at room temperature, resulting in a deep-red solution that was stirred for 6 h, 

resulting in a cloudy red suspension. Volatiles were removed under a reduced pressure until dryness, 

and the crude red solid was extracted with benzene (3 x 5 mL) and placed under vacuum until dryness. 

Red X-ray quality crystals were grown from pentane diffusion into a saturated dichloromethane 

solution in a –35 ºC freezer. (47 mg, 82%) 1H NMR (400 MHz, C6D6) d = 8.40 (s, 1H, ArH), 8.27 (d, 

2H, ArH), 7.98 (d, 2H, ArH), 7.52 (app d, 2H, ArH), 7.30 (t, 2H, ArH), 7.21 (m, 2H, ArH), 7.09 (m, 

4H, ArH), 6.17 (m, 4H, ArH), 5.81 (s, 2H, ArH), 5.77 (br s, 4H), 3.42 (br s, 4H, THF), 2.75 (s, 2H, 

PhCH2-Zn), 1.30 (br s, 4H, THF).     
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Figure 13. 1H NMR (400 MHz, C6D6) of 6a-ZnBn. 
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3,7-di-tert-butyl-5-mesityl-5,10-dihydrodibenzo[b,e]borinine (9a). In an inert-atmosphere 

glovebox, a 250-mL Schlenk tube with a screw-in Teflon stopper was charged with 3,7-di-tert-butyl-

5,5-dimethyl-5,10-dihydrodibenzo[b,e]siline (9) (5.00 g, 15 mmol). The flask was sealed, brought 

outside of the glove box, and placed in a water bath. Under positive N2, boron tribromide (3.8 mL, 40 

mmol) was added dropwise, forming a red solution, which was stirred at room temperature for 16 h. 

Excess boron tribromide was removed in vacuo on the Schlenk line (note: close the system from 

mercury bubbler when flask is under vacuum) until dryness. The crude red solid was triturated with 

dry toluene (3 x 25 mL). The solid was allowed to dry under vacuum for an additional 12 h. The flask 

was sealed and brought into an N2-purged glove box to check the 1H NMR in benzene-d6, which 

revealed consumption of the Me2Si- speak. In a separate Schlenk flask was added activated 

magnesium turnings (4.38 g, 180 mmol) and 2-bromomesitylene (3.6 g, 18 mmol) as a solution in 

THF. The solution turned black, and the flask became slightly warm. The mixture was heated to 70 

ºC for 0.5 h and stirred at room temperature for 1.5 h. The original flask containing 9-BBr was cooled 

to 0ºC with an ice water bath. The mesityl magnesium bromide (18 mmol) was added dropwise over 

a period of 15 minutes, forming a dark yellow solution which was stirred at room temperature for 3 

h. The crude mixture was quenched with methanol, and volatiles were removed on a rotary 

evaporator. The crude material was taken up in hexanes and added to a 200-mL sintered glass funnel 

containing silica gel, which was washed with hexanes (500 mL) and finally ethyl acetate (300 mL) to 

yield a yellow solution. The ethyl acetate fraction was concentrated in vacuo to yield a yellow-red oil 

which solidified when placed under high vacuum. This material was stirred in diethyl ether and 

calcium hydride and filtered in an N2-purged glove box over a bed of alumina to yield the yellow 

solid 9a. (4 g, 65%) 1H NMR (400 MHz, C6D6) d = 8.10 (app d, 2H, ArH), 7.53 (dd, 2H, ArH), 7.35 
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(d, 2H, ArH), 6.99 (s, 2H, ArH). 4.33 (s, 2H, ArCH2Ar), 2.29 (s, 3H Ar-CH3), 2.18 (s, 6H Ar-

CH3), 1.19 (s, 18H, C(CH3)3). 

 

 

Figure 14. 1H NMR (400 MHz, CDCl3) of 9a. 
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(3,7-di-tert-butyl-5-mesityl-5,10-dihydrodibenzo[b,e]borinin-10-yl)trimethylsilane (10a). In 

an inert-atmosphere glovebox, a 200-mL Schlenk tube fitted with a screw-in Teflon stopper was 

charged with 3,7-di-tert-butyl-5-mesityl-5,10-dihydrodibenzo[b,e]borinine (9a) (3.42 g, 8.4 mmol) 

and diethyl ether (75 mL). The flask was sealed and cooled to 0ºC while hooked up to the Schlenk 

line under positive N2 flow. N-butyllithium (4.4 mL, 2.5 M in hexanes) was added dropwise via 

syringe. The reaction mixture was stirred at room temperature for 30 minutes. The flask was cooled 

to 0ºC again under positive N2 flow, and trimethylsilyl chloride (1.6 mL, 13 mmol) was added 

dropwise via syringe, forming a red solution, which was refluxed for 5.5 h and gradually turned 

yellow. The flask was allowed to cool to room temperature, and the reaction mixture was quenched 

with saturated NaHCO3(aq). The organic layer was separated and washed with water (3 x 50 mL), 

brine (2 x 30 mL) and dried over magnesium sulfate and filtered. Volatiles were removed from the 

filtrate on the rotary evaporator to yield a yellow oil which solidified when placed under high 

vacuum. The crude material was taken up in hexanes and added to a 200-mL sintered glass funnel 

containing silica gel, which was washed with hexanes (500 mL) and finally ethyl acetate (300 mL) 

to yield a yellow solution. The ethyl acetate fraction was concentrated in vacuo to yield a yellow 

oil which solidified when placed under high vacuum. This material was stirred in diethyl ether and 

calcium hydride and filtered in an N2-purged glove box over a bed of alumina to yield the yellow 

solid 10a. (2 g, 50%) 1H NMR (400 MHz, CDCl3) d = 7.68 (app d, 2H, ArH), 7.52 (app dd, 2H, 

ArH), 7.34 (d, 2H, ArH), 6.68 (d, 2H, ArH), 4.39 (s, 2H, ArCH2Ar), 2.39 (s, 3H Ar-CH3), 2.11 (s, 

3H Ar-CH3), 1.81 (s, 3H Ar-CH3), 1.24 (s, 18H, C(CH3)3), –0.15 (s, 9H, -Si(CH3)3). 
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Figure 15. 1H NMR (400 MHz, CDCl3) of 10a. 
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Synthesis of 11a. In an inert-atmosphere glovebox, a 100-mL Schlenk tube fitted with a screw-in 

Teflon stopper was charged with (3,7-di-tert-butyl-5-mesityl-5,10-dihydrodibenzo[b,e]borinin-10-

yl)trimethylsilane (10a) (1.00 g, 2.2 mmol) and diethyl ether (40 mL). The flask was sealed and 

cooled to 0ºC while hooked up to the Schlenk line under positive N2 flow. N-butyllithium (0.9 mL, 

2.5 M in hexanes) was added dropwise via syringe. The reaction mixture was refluxed for 1 h. The 

flask was cooled to 0ºC again under positive N2 flow, and di-2-pyridyl ketone (607 mg, 3.3 mmol) 

in 8 mL THF was added dropwise via syringe, forming a blue solution, which was refluxed for 2 

h. The flask was allowed to cool to room temperature, and the reaction mixture was quenched with 

saturated NaHCO3(aq). The organic layer was separated and washed with water (3 x 50 mL), brine 

(2 x 30 mL) and dried over magnesium sulfate and filtered. Volatiles were removed from the filtrate 

on the rotary evaporator. The crude oil was dissolved in a mixture of 40% ethyl acetate/hexanes 

and loaded onto a 200-mL sintered glass funnel containing silica gel. The silica gel was washed 

with 40% ethyl acetate/hexanes until a tan fraction eluted, which was isolated and concentrated on 

a rotary evaporator under reduced pressure to yield a tan solid. The crude solid was dissolved in 20 

mL of hexanes and sonicated for 30 minutes to yield a white precipitate, which was filtered through 

a sintered glass funnel and washed with 3 mL hexanes. The white solid was dried at 60ºC for 12 h 

in vacuo and stored in an inert-atmosphere glovebox (0.250 g, 20%). 1H NMR (400 MHz, C6D6) d 

= 8.48, (br d, 2H, ArH), 7.98 (app d, 2H, ArH), 7.63 (d, 2H, ArH), 7.48 (d, 2H, ArH), 6.96 (m, 6H, 

ArH), 6.50 (app t, 2H, ArH), 2.34 (s, 6H, Ar-CH3), 2.26 (s, 3H, Ar-CH3), 1.06 (s, 18H, C(CH3)3). 
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Figure 16. 1H NMR (400 MHz, C6D6) of 11a. 
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Synthesis of 11a-ZnCl2. 11a (20 mg, 0.035 mmol) was dissolved in THF in a 20-mL scintillation 

vial. ZnCl2 (4.8 mg, 0.035 mmol) was added to the vial as a solution in 3 mL THF. The mixture 

was stirred at room temperature for 2 h and became colorless. The volatiles removed in vacuo, and 

the remaining white solid was extracted with benzene to afford 11a-ZnCl2. (23 mg, 94%). 1H NMR 

(400 MHz, C6D6) d = 8.82, (br d, 2H, ArH), 7.86 (br s, 2H, ArH), 7.31 (d, 2H, ArH), 7.06 (s, 1H, 

Mes-H), 6.95 (s, 1H, Mes-H), 6.86 (br d, 2H, ArH), 6.76 (br d, 2H, ArH), 6.58 (br t, 2H, ArH), 6.41 

(br t, 2H, ArH), 2.40 (s, 3H, Ar-CH3), 2.29 (s, 3H, Ar-CH3), 2.12 (s, 3H, Ar-CH3), 1.03 (s, 18H, 

C(CH3)3). 

 

Figure 17. 1H NMR (400 MHz, C6D6) of 11a-ZnCl2. 
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Synthesis of 13a-ZnI2. In an N2-purged glovebox, (12 mg, 0.017 mmol) 11a-ZnCl2 was dissolved 

in toluene (50 mL) and transferred to a quartz Schlenk tube fitted with a screw-in Teflon stopper. 

The flask was charged with (+) propylene oxide (0.5 mL, 0.0072 mmol), sealed, and brought 

outside of the glove box. Iodine (30 mg, 0.136 mmol) was added under positive N2 counterflow. 

The flask was sealed, and photolyzed with UV light for 24 h. Volatiles were removed carefully on 

a Schlenk line until all unreacted iodine was removed. The flask was sealed and brought into an 

N2-purged glovebox. The crude material was extracted with benzene and concentrated in vacuo to 

yield a yellow solid. The crude material was recrystallized from slow evaporation of a saturated 

benzene solution into hexamethyldisiloxane. 1H NMR (400 MHz, C6D6) d = 9.60, (br s, 2H, ArH), 

8.72 (s, 2H, ArH), 8.61 (s, 2H, ArH), 8.55 (d, 2H, ArH), 7.07 (s, 2H, ArH), 6.85 (m, 2H, ArH), 

2.34 (s, 3H, Ar-CH3), 2.18 (s, 6H, Ar-CH3), 1.30 (s, 18H, C(CH3)3). 
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Figure 18. 1H NMR (400 MHz, C6D6) of 13a-ZnI2.  
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bpySiMe2 (10 mg, 0.10 mmol) was dissolved in THF in a 20-mL scintillation vial and added to a 

solution of FeCl2 (3.8 mg, 0.030 mmol). The mixture was stirred at room temperature for 1.5 h and 

pumped down to dryness. Extraction with benzene was carried out (3 x 3 mL) to removed excess 

FeCl2. X-ray quality crystals of the benzene-insoluble material were grown from pentane vapor 

diffusion into a concentration THF solution. (13 mg, 94%). 1H NMR (400 MHz, THF, 

paramagnetic) d = 85.1 (br, s), 72.5 (br s), 50.5 (br s), 22.1 (br, s) 

 

Figure 19. 1H NMR spectrum (400 MHz, THF, paramagnetic) of bpySiMe2Fe2Cl4. 
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Synthesis of 11b. In an inert-atmosphere glovebox, a 100-mL Schlenk tube fitted with a screw-in 

Teflon stopper was charged with 3,7-di-tert-butyl-5,5-dimethyl-10-(trimethylsilyl)-5,10-

dihydrodibenzo[b,e]siline (10b) (1.00 g, 2.4 mmol) and THF (40 mL). The flask was sealed and 

cooled to 0ºC while hooked up to the Schlenk line under positive N2 flow. N-butyllithium (1 mL, 

2.5 M in hexanes) was added dropwise via syringe. The reaction mixture was refluxed for 1 h. The 

flask was cooled to 0ºC again under positive N2 flow, and di-2-pyridyl ketone (674 mg, 3.4 mmol) 

in 8 mL THF was added dropwise via syringe, forming a blue solution, which was refluxed for 2 

h. The flask was allowed to cool to room temperature, and the reaction mixture was quenched with 

saturated NaHCO3(aq). The organic layer was separated and washed with water (3 x 50 mL), brine 

(2 x 30 mL) and dried over magnesium sulfate and filtered. Volatiles were removed from the filtrate 

on the rotary evaporator. The crude oil was dissolved in a mixture of 40% ethyl acetate/hexanes 

and loaded onto a 200-mL sintered glass funnel containing silica gel. The silica gel was washed 

with 40% ethyl acetate/hexanes until a tan fraction eluted, which was isolated and concentrated on 

a rotary evaporator under reduced pressure to yield a tan solid. The crude solid was dissolved in 20 

mL of hexanes and sonicated for 30 minutes to yield a white precipitate, which was filtered through 

a sintered glass funnel and washed with 3 mL hexanes. The white solid was dried at 60ºC for 12 h 

in vacuo and stored in an inert-atmosphere glovebox (0.250 g, 20%). 1H NMR (400 MHz, CDCl3) 

d = 8.68, (d, 2H, ArH), 7.56 (s, 2H, ArH), 7.34 (t, 2H, ArH), 7.06 (d, 2H, ArH), 7.01 (s, 2H, ArH), 

6.99 (app d, 4H, ArH), 1.25 (s, 18H, C(CH3)3), 0.72 (d, 6H, -Si(CH3)2). 

N
O

N N

tBu tBuSi
Me2

SiMe3 1) 1.0 nBuLi, Et2O 
    0ºC to reflux, 4 h
2) 1.5

    
      0ºC to reflux, 8 h

N
tBu tBuSi

Me2
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Figure 20. 1H NMR (400 MHz, CDCl3) of 11b. 

 

 

 

 

 

 

 

 

 

 

 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

6
.0
0

1
8
.6
0

1
.1
8

3
.4
3

1
.6
1

2
.1
3

2
.1
5

2
.0
4

1
.9
8

0
.7
2

1
.2
5

6
.9
9

7
.0
1

7
.0
6

7
.2
6
	C
D
C
l3

7
.3
4

7
.5
6

8
.6
7



 363 

 

Synthesis of 11b-ZnI2. 11a (20 mg, 0.04 mmol) was dissolved in THF in a 20-mL scintillation 

vial. ZnCl2 (12.8 mg, 0.04 mmol) was added to the vial as a solution in 3 mL THF. The mixture 

was stirred at room temperature for 2 h and became colorless. The volatiles removed in vacuo, and 

the remaining white solid was extracted with benzene to afford 11b-ZnI2. (23 mg, 94%). 

 

Figure 21. 1H NMR (400 MHz, C6D6) of 11b-ZnI2. 
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Synthesis of 13b-ZnI2. In an N2-purged glovebox, (11.2 mg, 0.014 mmol) 11b-ZnI2 was dissolved 

in toluene (50 mL) and transferred to a quartz Schlenk tube fitted with a screw-in Teflon stopper. 

The flask was charged with (+) propylene oxide (0.15 mL, 0.0020 mmol), sealed, and brought 

outside of the glove box. Iodine (21 mg, 0.082 mmol) was added under positive N2 counterflow. 

The flask was sealed, and photolyzed with UV light for 24 h. Volatiles were removed carefully on 

a Schlenk line until all unreacted iodine was removed. The flask was sealed and brought into an 

N2-purged glovebox. The crude material was extracted with benzene and concentrated in vacuo to 

yield a yellow solid. The crude material was recrystallized from slow evaporation of a saturated 

benzene solution into hexamethyldisiloxane. X-ray quality crystals were generated for the desired 

13b-ZnI2 in addition to unreacted starting material, 11b-ZnI2. (50% conversion) 1H NMR (400 

MHz, C6D6) d = 9.60, (br s, 2H, ArH), 8.72 (s, 2H, ArH), 8.61 (s, 2H, ArH), 8.55 (d, 2H, ArH), 

7.07 (s, 2H, ArH), 6.85 (m, 2H, ArH), 2.34 (s, 3H, Ar-CH3), 2.18 (s, 6H, Ar-CH3), 1.30 (s, 18H, 

C(CH3)3). 
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Figure 22. 1H NMR (400 MHz, C6D6) of 13b-ZnI2 and 11b-ZnI2. 
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2,4,6-triisopropyl-3',5'-dimethoxy-1,1'-biphenyl (ArOMe-H). In an N2-purged glove box, a 

Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution of 2,4,6-

triisopropylbromobenzene (17 g, 60 mmol) in THF (100 mL). The flask was sealed and brought 

outside of the box and cooled to –78 °C with a dry ice/acetone bath. A hexanes solution of n-

butyllithium (31 mL, 2.5 M, 78 mmol) was added dropwise via cannula. The reaction was allowed to 

warm to room temperature and stirred for 1 h forming a yellow solution. The reaction was then 

brought into an N2-purged glovebox and ZnCl2 (6.52 g, 48 mmol) was added slowly to the reaction 

resulting in the loss of the yellow coloration and formation of a white precipitate. The mixture was 

allowed to stir at room temperature for 30 min. 3,5-dimethoxybromobenzene (10.33 g, 48 mmol) and 

Pd(PPh3)4 (0.691 g, 0.60 mmol) were added, the flask sealed, and brought outside of the box. The 

vessel was fitted with an oven-dried reflux condenser and warmed to 70 °C for 12 h. After cooling to 

room temperature, water (50 mL) was added to quench the reaction, and the mixture concentrated in 

vacuo to about 100 mL. The resulting suspension was taken up in CH2Cl2 (200 mL) and washed with 

5 x 100 mL of water. The organic layer was washed with brine (2 x 100 mL), dried over MgSO4, and 

filtered. Volatiles from the filtrate were removed on a rotary evaporator. The crude material was 

purified via silica gel column chromatography with 5% Et2O/Hexanes as eluent to yield a white solid, 

which was dried in vacuo for 12 h on the Schlenk line and stored long-term in an N2-purged glovebox 

(5 g, 31%). 1H NMR (400 MHz, CDCl3) d = 7.05 (s, 2H, ArH), 6.46 (s, 1H, ArH), 6.36 (br d, 2H, 

ArH), 3.79 (s, 6H, -OCH3), 2.94 (sept, 1H, para-CH(CH3)2), 2.69 (sept, 2H, ortho-CH(CH3)2), 1.30 

(d, 6H, para-CH(CH3)2), 1.10 (d, 12H, ortho-CH(CH3)2. 13C{1H} NMR (101 MHz, CDCl3) d = 

iPriPr

iPr

Br

1) 1.1 nBuLi,
–78 ºC to RT, THF, 1 h

2) 0.7 ZnCl2, RT, 30 min
3) 0.8

Pd(PPh3)4 (1 mol%)
      70 ºC, 12h

OO

Br

OO

iPr

iPriPr

31%
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160.43 (aryl-C), 148.01 (aryl-C), 146.48 (aryl-C), 143.10 (aryl-C), 137.07 (aryl-C), 120.07 (aryl-

C), 108.09 (aryl-C), 98.73 (aryl-C), 55.45 (-OCH3), 34.40 (para-CH(CH3)2), 30.36 (para-CH(CH3)2), 

24.58 (ortho-CH(CH3)2), 24.23 (para-CH(CH3)2). HRMS (FAB+) m/z Calcd. for [M + H+] C23H33O2 

341.2481, found 341.2485. 

 
Figure 23. 1H NMR spectrum (400 MHz, CDCl3) of 2,4,6-triisopropyl-3',5'-dimethoxy-1,1'-biphenyl 

(ArOMe-H). 

 

 
Figure 24. 13C{1H} NMR spectrum (101 MHz, CDCl3) of 2,4,6-triisopropyl-3',5'-dimethoxy-1,1'-

biphenyl (ArOMe-H). 
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5-bromo-2-(2’,4’,6’-triisopropyl-3,5-dimethoxy-[1,1’-biphenyl]-4-yl)pyrimidine (1b). In an N2-

purged glove box, a Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution 

of 2,4,6-triisopropyl-3',5'-dimethoxy-1,1'-biphenyl (ArOMe-H) (5 g, 15 mmol) in THF (40 mL). The 

flask was sealed and brought outside of the box and cooled to –10 °C with an ice/acetone bath. A 

hexanes solution of n-butyllithium (7 mL, 2.5 M, 17 mmol) was added dropwise via syringe. The 

reaction was allowed to warm to room temperature and stirred for 1 h forming a yellow solution. The 

reaction was then brought into an N2-purged glovebox and ZnCl2 (1.38 g, 10.2 mmol) was added 

slowly to the reaction resulting in the loss of the yellow coloration. The mixture was allowed to stir 

at room temperature for 30 min. 2-iodo-5-bromopyrimidine (4.31 g, 15 mmol) and Pd(PPh3)4 (0.503 

g, 0.44 mmol) were added, the flask sealed, and brought outside of the box. The vessel was fitted with 

an oven-dried reflux condenser and warmed to 70 °C for 12 h. After cooling to room temperature, 

water (50 mL) was added to quench the reaction, and the mixture concentrated in vacuo to about 100 

mL. The resulting suspension was taken up in CH2Cl2 (200 mL) and washed with 5 x 100 mL of 

water. The organic layer was washed with brine (2 x 100 mL), dried over MgSO4, and filtered. 

Volatiles from the filtrate were removed on a rotary evaporator. The crude material was purified via 

Kugelrohr distillation at 70ºC on the Schlenk line under dynamic vacuum. A minimal amount of a 

white, oily solid was transferred, and a red/yellow solid remained in the flask, which is the desired 

product 1b (6.37 g, 83%). 1H NMR (400 MHz, CDCl3) d = 8.95 (s, 2H, ArH), 7.08 (s, 2H, ArH), 6.49 

(s, 2H, ArH), 3.70 (s, 6H, -OCH3), 2.95 (sept, 1H, para-CH(CH3)2), 2.77 (sept, 2H, ortho-CH(CH3)2), 

Br

iPr

iPr iPr

OO

NN

1) 1.1 nBuLi,
–10 ºC to RT, THF, 1 h

2) 0.7 ZnCl2, RT, 30 min
3) 1.05

Pd(PPh3)4 (1 mol%)
      70 ºC, 12h

Br

I

N N
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= ArOMe

OO
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1.30 (d, 6H, para-CH(CH3)2), 1.13 (d, 12H, ortho-CH(CH3)2. 13C{1H} NMR (101 MHz, CDCl3) 

d =158.12 (aryl-C), 157.62 (aryl-C), 148.39 (aryl-C), 146.58 (aryl-C), 144.10 (aryl-C), 136.96 (aryl-

C), 120.88 (aryl-C), 118.77 (aryl-C), 108.08 (aryl-C), 105.94 (aryl-C), 56.18 (-OCH3), 34.44 (para-

CH(CH3)2), 30.34 (para-CH(CH3)2), 24.63 (ortho-CH(CH3)2), 24.23 (para-CH(CH3)2). HRMS 

(FAB+) m/z Calcd. for [M + H+] C27H34 N2O2Br 497.1804, found 497.1812 

 
Figure 25. 1H NMR spectrum (400 MHz, CDCl3) of 5-bromo-2-(2’,4’,6’-triisopropyl-3,5-

dimethoxy-[1,1’-biphenyl]-4-yl)pyrimidine (1b). 

 
Figure 26. 13C{1H} NMR spectrum (101 MHz, CDCl3) 5-bromo-2-(2’,4’,6’-triisopropyl-3,5-

dimethoxy-[1,1’-biphenyl]-4-yl)pyrimidine (1b). 
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1,2-bis(2-(2',4',6'-triisopropyl-3,5-dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-yl)ethyne (2b). 

Adapted from a previously-reported procedure:22 A 500-mL, oven-dried Schlenk flask was allowed 

to cool under vacuum on the Schlenk line. Under a positive pressure of N2, the Schlenk flask was 

charged with 5-bromo-2-(2’,4’,6’-triisopropyl-3,5-dimethoxy-[1,1’-biphenyl]-4-yl)pyrimidine (1b) 

(6.37 g, 13 mmol), cesium carbonate (10.43 g, 32 mmol), and palladium (II) acetate (58 mg , 0.26 

mmol). DMF (120 mL) was added to the Schlenk flask via cannula. To this mixture was added 

trimethylsilylacetylene (1.09 mmol, 7.7 mmol) under positive N2. The reaction mixture was degassed 

via one cycle of freeze-pump-thaw. Bis(diphenylphosphino)-9,9-dimethylxanthene]copper(I) (200 

mg, 0.26 mmol) was added under positive N2. The reaction mixture was subject to two more cycles 

of freeze-pump-thaw, and the mixture was heated to 60 ºC for 12 h. Volatiles were removed under a 

reduced pressure, and the crude solid was charged with CH2Cl2 (300 mL) and filtered to remove 

excess cesium carbonate. The filtrate was concentrated under a reduced pressure and purified via 

column chromatography with 1% MeOH/CH2Cl2 as the eluent. The light brown solid was dried under 

vacuum for 8 h at room temperature prior to the next step (2.6 g, 47%). 1H NMR (400 MHz, CDCl3) 

d = 9.09 (s, 2H, ArH), 7.09 (s, 2H, ArH), 6.52 (s, 2H, ArH), 3.73 (s, 6H, -OCH3), 2.96 (sept, 1H, 

para-CH(CH3)2), 2.79 (sept, 2H, ortho-CH(CH3)2), 1.33 (d, 6H, para-CH(CH3)2), 1.13 (d, 12H, 

ortho-CH(CH3)2. 13C{1H} NMR (101 MHz, CDCl3) d = 163.25 (aryl-C), 159.20 (aryl-C), 157.66 

(aryl-C), 148.39 (aryl-C), 146.58 (aryl-C), 144.22 (aryl-C), 136.96 (aryl-C), 120.88 (aryl-C), 116.30 

(aryl-C), 115.58 (aryl-C), 105.95 (aryl-C), 89.56 (alkyne-CC), 56.21 (-OCH3), 34.44 (para-

ArOMe

NN

NN

ArOMe

Br

ArOMe

NN 0.6 Me3SiCCH, 2 Cs2CO3

Pd(OAc)2 (2 mol%), 
Cu(Xantphos)I (2 mol %), DMF,

60 ºC, 24 h
47%
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CH(CH3)2), 30.35 (ortho-CH(CH3)2), 24.63 (ortho-CH(CH3)2), 24.23 (para-CH(CH3)2). HRMS 

(FAB+) m/z Calcd. for [M + H+] C56H67 N4O4 859.5162, found 859.5173 

 

 
Figure 27. 1H NMR spectrum (400 MHz, CDCl3) 1,2-bis(2-(2',4',6'-triisopropyl-3,5-dimethoxy-[1,1'-

biphenyl]-4-yl)pyrimidin-5-yl)ethyne (2b).  

 

 

 
Figure 28. 13C{1H} NMR spectrum (101 MHz, CDCl3) 1,2-bis(2-(2',4',6'-triisopropyl-3,5-

dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-yl)ethyne (2b).  
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1,2,3,4,5,6-hexakis(2-(2',4',6'-triisopropyl-3,5-dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-

yl)benzene (3b). Adapted from a previously-reported procedure:23 An oven-dried Schlenk tube fitted 

with a screw-in Teflon stopper was charged with 1,2-bis(2-(3,5-di-tert-butylphenyl)pyrimidin-5-

yl)ethyne (2b) (600 mg, 0.7 mmol), IMesHCl (54 mg, 0.06 mmol), and bis(acetylacetonato)nickel 

(II) (41 mg, 0.06 mmol). The flask was then charged with 8 mL of m-xylene via syringe. The solution 

was subject to three cycles of freeze-pump-thaw and left under nitrogen. Isopropylmagnesium 

chloride (0.20 mL, 1.39 M in THF) was added via syringe, and the solution was warmed to 120 ºC 

for 36 h. Volatiles were removed under a reduced pressure. The crude solid was dissolved in 20 mL 

of a 20% EtOAc/Hexanes solution and filtered over a sintered glass funnel containing a bed of silica 

gel. The filtrate was concentrated on the rotary evaporator until a white solid crashed out and was 

subsequently filtered. This process was repeated two more times for the filtrate to yield additional 

white solid, which is the desired compound 3b (300 mg, 50%). 1H NMR (400 MHz, CDCl3) d = 8.65 

(s, 2H, ArH), 7.04 (s, 2H, ArH), 6.38 (s, 2H, ArH), 3.52 (s, 6H, -OCH3), 2.92 (sept, 1H, para-

CH(CH3)2), 2.68 (sept, 2H, ortho-CH(CH3)2), 1.29 (d, 6H, para-CH(CH3)2), 1.05 (d, 12H, ortho-

CH(CH3)2. 13C{1H} NMR (101 MHz, CDCl3) d = 163.21 (aryl-C), 157.72 (aryl-C), 148.29 (aryl-C), 

146.39 (aryl-C), 143.89 (aryl-C), 138.04 (aryl-C), 136.61 (aryl-C), 129.13 (aryl-C), 122.59 (aryl-C), 

120.79 (aryl-C), 115.51 (aryl-C), 105.65 (aryl-C), 55.81 (-OCH3), 34.37 (para-CH(CH3)2), 30.33 

(ortho-CH(CH3)2), 24.50 (ortho-CH(CH3)2), 24.17 (para-CH(CH3)2). Anal. calcd. (%) for 

C167H196N12O12: C, 78.29; H, 7.74; N, 6.52. Found: C, 78.04; H, 7.52; N, 6.41.  
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Figure 29. 1H NMR spectrum (400 MHz, CDCl3) 1,2,3,4,5,6-hexakis(2-(2',4',6'-triisopropyl-3,5-

dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-yl)benzene (3b).  

 

 
Figure 30. 13C{1H} NMR spectrum (101 MHz, CDCl3) 1,2,3,4,5,6-hexakis(2-(2',4',6'-triisopropyl-

3,5-dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-yl)benzene (3b).   

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

1
2
.5
6

6
.2
5

2
.4
8

1
.7
6

6
.0
0

1
.5
8

2
.2
4

2
.4
9

2
.1
3

7
.2
6
	C
D
C
l3

253035404550556065707580859095100105110115120125130135140145150155160165
f1 (ppm)

2
4
.1
7

2
4
.5
0

3
0
.3
3

3
4
.3
8

5
5
.8
5

7
7
.1
6
	C
D
C
l3

1
0
5
.7
1

1
1
5
.5
7

1
2
0
.7
9

1
2
8
.8
9

1
3
6
.9
7

1
3
8
.0
5

1
4
3
.8
9

1
4
6
.3
9

1
4
8
.2
9

1
5
7
.5
8

1
5
7
.7
4

1
6
3
.2
3



 374 

 
 

Synthesis of HBC-N12(ArOMe)6. In an N2-purged glovebox, a 20-mL scintillation vial is charged with 

1,2,3,4,5,6-hexakis(2-(2',4',6'-triisopropyl-3,5-dimethoxy-[1,1'-biphenyl]-4-yl)pyrimidin-5-

yl)benzene (3b) (100 mg, 0.039 mmol), 5 mL THF and a magnetic pre-reduced stir bar. In a separate 

vial, sodium (18 mg, 0.8 mmol) and mercury (40 mg, 30 wt%) are weighed out and carefully mixed 

with agitation. The solid alloy is added directly to the vial containing the stirring suspension of 3b 

and stirred at room temperature for 72 h. The solution becomes a homogeneous deep red color after 

20 min. The scintillation vial is brought outside of the box and quenched with isopropanol over 1 h. 

This solution is then sparged with dioxygen for 12 h, concentrated under a reduced pressure, and 

extracted with chloroform and filtered. Caution: Hg is toxic and should be handled and disposed of 

in an exclusive container. The crude solid is charged with ethyl acetate and is filtered over a bed of 

silica gel on a sintered glass funnel. The frit is continuously washed with ethyl acetate until the filtrate 

is colorless. Dichloromethane is added until the filtrate runs colorless. This fraction is concentrated 

under reduced pressure on a rotary evaporator to yield a yellow solid, which is the desired compound 

HBC-N12(ArOMe)6 and is dried at 70ºC for 12 h and stored in an N2-purged glovebox. (20 mg, 25%) 

1H NMR (400 MHz, CDCl3) d = 7.15 (s, 2H, ArH), 6.65 (s, 2H, ArH), 3.83 (s, 6H, -OCH3), 3.02 (br 

m, 3H, ortho and para CH(CH3)2), 1.25 (s, 18H, ortho and para CH(CH3)2). 13C{1H} NMR (101 

MHz, CDCl3) d = 161.42 (aryl-C), 160.40 (aryl-C), 148.45 (aryl-C), 146.46 (aryl-C), 146.24 (aryl-

C), 137.04 (aryl-C), 120.86 (aryl-C), 120.69 (aryl-C), 112.91 (aryl-C), 108.07 (aryl-C), 105.52 (aryl-

C), 98.72 (aryl-C), 55.45 (-OCH3), 34.38 (para-CH(CH3)2), 30.34 (ortho-CH(CH3)2), 24.57 (ortho-
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CH(CH3)2), 24.21 (para-CH(CH3)2). Anal. calcd. (%) for C167H184N12O12: C, 78.66; H, 7.31; N, 

6.55. Found: C, 78.65; H, 7.32; N, 6.50.  

 
Figure 31. 1H NMR spectrum (400 MHz, CDCl3) of HBC-N12(ArOMe)6. 
 

 
Figure 32. 13C{1H} NMR spectrum (101 MHz, CDCl3) of HBC-N12(ArOMe)6. 
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SUPPLEMENTARY DATA/FIGURES 

Additional crystal structures 

*Unless otherwise stated, thermal ellipsoids are drawn at 50% probability for all structures displayed 

below. Hydrogen atoms and solvent molecules are omitted for clarity. 

 

Figure 33. Solid state structure from single crystal XRD of (11a)2FeCl2.  
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Figure 34. Solid state structure from single crystal XRD of (bpySiMe2)Fe2Cl4(THF)2.  

 

 

 

Figure 35. Solid state structure from single crystal XRD of (11a)2Fe(OTf)2. Orange: Fe; red: O; lime 

green: F; yellow: S; pink: boron; gray: C; blue: N. 
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Figure 36. Solid state structure from single crystal XRD of (11a)FeCl2. Orange: Fe; green: Cl. 

 

Figure 37. Solid state structure from single crystal XRD of 6a. 

 



 379 

 

 

Figure 38. Solid state structure from single crystal XRD of Cl2Zn(py)2CH(9-anthracenyl). 

 

 

 

Figure 39. Solid state structure from single crystal XRD of [Ni]. Hydrogen atoms displayed. 
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Figure 40. Solid state structure from single crystal XRD of 13b-ZnI2.  

 

Figure 41. Solid state structure from single crystal XRD of 11b-ZnI2. Structure could not be 

anisotropically refined.  
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Figure 42. Solid state structure from single crystal XRD of 11b-Zn(OTf)2. Structure could not be 

anisotropically refined.  
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APPENDIX D 

 

 

 

 

POTASSIUM-CONTAINING IONOMERS ENHANCE CO2R PERFORMANCE ON Au 

ELECTRODES  
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INTRODUCTION 

The results presented in Chapter III highlight elevated CO2R performance to C2+ 

products consistent with elevated CO2 mass transport; high FEC2+ was observed. It is of 

interest to investigate effects on CO2R performance as coatings on other metallic electrodes 

to get a more complete picture on the films’ effects on the microenvironment. Pyridinium-

derived films that demonstrated HER suppression on polycrystalline Cu foil demonstrated a 

similar effect on Ag foil; no hydrogen was detected with nearly all current going towards 

generation of CO (95% FE).1  

RESULTS AND DISCUSSION 

 

Coatings were drop casted onto Au/PTFE in a similar fashion to the experiments on 

Cu/PTFE. Several potentials were tested for each bare Au and Au coated with 21. 

Improvement in FECO was observed relative to unmodified Au at nearly every potential 

tested, with the highest selectivity observed at –0.62 V vs. RHE in 1 M KHCO3 (96%). |jCO2R| 

increased as well, improving by a factor of 3 at this potential (Figure 1). Insignificant 

suppression of |jH2| was observed, consistent with our results on Cu. Comparing between 

ionomers of different potassium content (21 vs. 22, Figure 2), |jCO| correlates with relative 

concentration of the K+-containing comonomer. Along with observations from CO2R on Cu, 

these results altogether highlight that elevated CO2 mass transport is the most likely impact 

of the ionomer films on the microenvironment.  
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Figure 1. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Au/PTFE in the presence of ionomer films casted from a solution of 21. 

Electrolysis performed in 1 M KHCO3(aq) for 30 minutes. B. Partial current densities for trials 

shown in panel A.  
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Figure 2. A. Faradaic efficiency (FE, columns) and current density (white squares) for CO2R 

products on Au/PTFE in the presence of ionomer films casted from a solution of 21 and 22. 

Electrolysis performed in 1 M KHCO3(aq) for 30 minutes. Eapplied = –0.82 V vs. RHE. B. 

Partial current densities for trials shown in panel A.  
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EXPERIMENTAL 

Materials and Methods 
 
General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. 4-Methoxystyrene 

was dried with CaH2 and filtered under inert atmosphere. K-STFSI was prepared based on a 

previously reported synthesis.2 Acetonitrile was dried by passing over activated alumina by the 

method of Grubbs3 and stored over 3 Å molecular sieves in a N2-filled glovebox.  

 
Potassium carbonate (99.995%), 4-methoxystyrene, solution (99%), isopropanol (HPLC grade), and 

ethanol (HPLC grade) were purchased from Sigma Aldrich. Polytetrafluoroethylene (PTFE) was 

purchased from McMaster-Carr. The leakless Ag/AgCl reference electrode was purchased from 

Innovative Instruments. Platinum mesh (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased 

from Alfa Aesar. CO2 (research grade) was purchased from Airgas. Deuterium oxide (D 99.96%) and 

CD3CN (99.9%) were purchased from Cambridge Isotope Laboratories. The 1H and 19F NMR 

solution-state NMR spectra were recorded on a Bruker 400 MHz with broadband auto-tune 

OneProbe. 13C solution-state NMR spectra were recorded on a Bruker 400 MHz instrument with a 

prodigy broadband cryoprobe. Shifts were reported relative to the residual solvent peak.  

 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) or a Milli-

Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 MΩ·cm at 

25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used to determine 

the pH of the electrolytes before experiments.  
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Electrochemistry 
 
Electrolyte Preparation 
 
Potassium bicarbonate electrolyte (1 M KHCO3(aq)) was prepared by sparging an aqueous solution of 

potassium carbonate (0.5 M K2CO3(aq)) with CO2 for at least 1 hour prior to electrolysis. This process 

converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2.  

 
Electrode Preparation 
 
The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Au onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Au target (99.99%) at a sputtering rate of 1 Å s–1.  

 
A 0.3 mg mL–1 stock solution of the ionomer was prepared in 50% v/v EtOH/iPrOH and sonicated 

for 30 minutes to ensure complete dissolution. For a standard loading, 15 µL were drop casted (4.5 

µg) onto a 2.5 cm2 electrode, ensuring complete coverage of the Cu nanoparticles, and allowed to dry 

under ambient conditions for 1 hour.  

 
Electrochemical Measurements in the GDE (Flow) Cell 
 
CO2R and COR measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronoamperometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.4 The liquid-electrolyte flow cell consists of 

three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE electrode was 

sandwiched between CO2 gas chamber and catholyte chamber with an exposure area of 0.5 cm–2. 

Catholyte and anolyte chambers were separated by a Selemion AMV anion-exchange membrane 

(AGC Engineering Co.). The reference electrode was calibrated against H+/H2 on Pt in a 0.5 M 

sulfuric acid solution (0 V vs. RHE) and saturated calomel electrode (SCE) (+0.241 V saturated vs. 

RHE).  An Autolab PGSTAT204 in a potentiostatic mode was used as electrochemical workstation. 

The PTFE electrode, leakless Ag/AgCl electrode (Innovative Instruments), and Pt mesh (rinsed with 
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water and annealed with a butane torch) were employed as working, reference and counter 

electrodes, respectively. The applied potentials were converted to the reversible hydrogen electrode 

(RHE) scale with iR correction through the following equation: 

 

                     Ecorrected (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR.               (1) 

 

Eapplied in this report is the applied potential without iR compensation. In order to convert from 

potential vs. Ag/AgCl, we use the following relationship: 

 

Eapplied (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210                        (2) 

 

where i is the current at each applied potential and R is the equivalent series resistance measured via 

potentioelectrochemical impedance spectroscopy (PEIS) in the frequency range of 105 – 0.1 Hz with 

an amplitude of 10 mV. The appropriate gas-saturated electrolyte was used as both catholyte and 

anolyte and was circulated through the flow cell using peristaltic pumps with a silicone Shore A50 

tubing. The electrolyte was bubbled with the desired gas during the entire electrolysis process. The 

electrolyte flow rate was kept at 10 mL min–1. The flow rate of the gas flowing into the gas chamber 

was kept at 30 sccm by a digital mass flow controller.  

 

Ohmic resistance values were determined with procedures described elsewhere5,6 and employed in 

our prior work4,7,8 PEIS measurements were carried out prior to and after each electrolysis experiment 

to determine the Ohmic resistance of the flow cell and ensure it is unchanged during the 

experiment.9,10 The impedance measurements were carried out at frequencies ranging from 200 kHz 

to 100 MHz. A Nyquist plot was obtained, and in the low-frequency region (containing a Warburg 

element) a line was plotted to determine the value of the intersection with the x-axis, representing the 
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Ohmic resistance.5 An average of 3 measurements was taken to calculate the value of R. 

Typically, small resistances were measured, ranging from 4 to 7 Ω. The potentiostat was set to 

compensate for 85 % of the Ohmic drop, with the remaining 15 % being compensated for after the 

measurements.5,6 

 

All chronoamperometric experiments were performed for 30 min at 25 °C. Before each electrolysis 

experiment, the ionomer was drop casted onto a 2.5 cm2 Cu/PTFE electrode. The entire Ohmic drop 

was compensated before and after the measurement. The effluent gas stream coming from the cell 

(30 mL min–1) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, 

in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A columns. Methane, 

ethylene, ethane, and carbon monoxide were detected by a methanizer-flame ionization detector 

(FID) and the hydrogen was detected by a thermal conductivity detector (TCD). Every 15 minutes, 2 

mL of gas was sampled to determine the concentration of gaseous products. After electrolysis, the 

liquid products in the catholytes were quantified by both HPLC (Thermo Scientific Ultimate 3000) 

and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer).  

 

For 1H NMR analysis, 630 µL of the electrolyte sample were combined with 30 µL of internal 

standard solution (10 mM DMSO and 50 mM phenol) and 70 µL of D2O. Water suppression was 

achieved with a presaturation sequence.7,10  

 

The Faradaic efficiencies for gaseous products was calculated from the following equations: 

 

!! = "#!
$%  

               (3) 
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!#"&'( =	
)"#$%#*"#$%#&

+  .                    (4) 

 

!!is the molar flow, defined by the pressure %, the volume flow !,, the gas constant &, and 

temperature  '. !#"&'( is the Faradaic efficiency of a gaseous product %()*, defined by the electron 

transfer coefficient of the product +"&'(, Faraday’s constant !, the fraction of the product ,"&'(, the 

molar flow !!, and the current -.  

 
Error bars shown in all figures and tables represent standard deviations from at least three replicate 

measurements.  
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INVESTIGATING CO2 ADSORPTION TO POTASSIUM-CONTAINING IONOMERS 

VIA SOLID STATE NMR SPECTROSCOPY  
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INTRODUCTION 

The 2 Phase Thermodynamics calculations (see Chapter III) suggest that the polymers create 

more favorable, solvation-type interactions between K+ and CO2, leading to minimized 

Helmholtz free energy. Enhanced CO2 adsorption in polymers has been modeled to be 

inversely proportional to mass transport,1 but some experiments have demonstrated that both 

solubility and diffusion coefficient can be elevated in some polymers.2 In an attempt to 

validate the model and enhance our understanding of polymer-CO2 interactions, we turned 

to 13C solid state NMR spectroscopy, where adsorption of CO2 in metal-organic frameworks 

(MOFs) and coordination polymers has been previously investigated.3–7 

RESULTS AND DISCUSSION 

Each polymer (44 mg) was dissolved in acetonitrile and mixed with 30 mg of glycine 

hydrochloride ethyl ester, the latter compound serving as a standard to facilitate CO2 

quantification. This solution mixture was pumped down to dryness before loading the solid 

powder into an NMR rotor and packed tightly, all to ensure reproducibility. The rotor was 

loaded into a glassware apparatus charged with 1.3 x 10–6 mol of isotopically-enriched 

13CO2(g), sealed, then submitted for 13C solid state NMR with a magic angle spin (MAS) rate 

of 8 kHz. 

Figure 1 shows resulting spectra for each ionomer ranging from no K+ to 37 mol%. In 

each case, a peak unrelated to polymer or glycine hydrochloride ethyl ester appears between 

160 and 170 ppm, which is consistent with chemisorbed CO2. Previous literature has 

proposed the formation of a bond between amines in MOFs and CO2 leading to formation of 

a carbamate.4 Physisorbed CO2 resulting from noncovalent interactions with the material 

were suggested to appear ~120 ppm.7 13CO2 physisorbed is not evident in the spectra in 
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Figure 1; such a conformation cannot be ruled out since polymer peaks were evident in 

this region. Moreover, the greatest amount of 13CO2 adsorbed relative to the internal standard 

was found with 10, likely due to formation of a carbonate species between the methoxy 

substituent and CO2.  

 
Figure 1. A-D. 13C solid state NMR spectra methoxystyrene series of polymers (10, 21-23). 

Peaks labeled “Gly” represent glycine hydrochloride ethyl ester peaks. Starred peak in each 

spectrum represents chemisorbed 13CO2. Magic angle spinning (MAS) at 8 kHz. 

As such, CO2 adsorption cannot be attributed to the K+ in the charged comonomer, 

which was previously hypothesized to lead to enhanced CO2 interactions. While these results 



 399 

do not necessarily validate the simulations discussed in Chapter III, the difficulty in 

simulating electrochemical microenvironment conditions to obtain CO2 adsorption 

measurements is recognized; solid state NMR might not be the most judicious pursuit of such 

measurements. Limiting current measurements with ultramicroelectrodes to measure CO2  

diffusion coefficient could provide experimental verification of the 2-Phase 

Thermodynamics computations.8 

EXPERIMENTAL 

Solid state NMR spectroscopy 

Solid state 13C NMR spectra were recorded on a Bruker DSX500 (500 MHz for 1H signal; 126 MHz 

for 13C) spectrometer and a Bruker 4 mm MAS probe. The MAS rate was set to 8 kHz. 100 scans 

were recorded for each spectrum, and the delay time between each transient was set to 60 s. The 

chemical shifts were reported with respect to external references of tetramethylsilane.  

 

To ensure reproducibility from well-mixed samples, unless otherwise specified, 44 mg of polymer 

and 30 mg of glycine hydrochloride ethyl ester were dissolved in acetonitrile, and the volatiles were 

removed on a rotary evaporator. The dry powder mixture was packed tightly into the probe. 

 

The unsealed rotor was placed in a glassware apparatus to allow for gas addition. The apparatus was 

pumped down to ~1 mtorr using a high vacuum line.9 13CO2 (Millipore Sigma, 99.0% 13C, <3% 18O) 

was used without further purification and measured to 7.0 mmHg in a manometer. The glassware 

apparatus containing the rotor was exposed to 13CO2 for 5 minutes before sealing and removing from 

the line. The sealed rotor was kept in the sealed glassware until immediately before adding to the 

NMR spectrometer.  
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Figure 2. 13C solid state NMR spectra of various polymers. Unless otherwise specified, 44 mg of 

polymer were mixed with 30 mg of glycine standard. The peak highlighted in the red box is 13CO2. 
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Figure 3. 13C solid state NMR spectra of various polymers. Unless otherwise specified, 44 mg of 

polymer were mixed with 30 mg of glycine standard. The peak highlighted in the red box is 13CO2. 
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