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With the increasing levels of anthropogenic carbon dioxide emissions, the need for climate 

change mitigation has never been more urgent. Existing methods for CO2 removal are facilitated 

by thermally driven systems and thus suffer from being energy-intensive and inefficient. Joint 

efforts between computational and experimental chemistry fields can help steer research toward 

uncovering valuable insight into CO2 reactivity with the ideal sorbent. This dissertation presents 

an investigation into various chemical systems studied, from which understanding the design 

principles and the limitations of the carbon capture systems came to be illuminated. 

Chapter 1 details the study of 1,4-bis(tetramethylgaunidino)benzene (1,4-btmgb) as a 

redox-active sorbent and pH swing mediator. Spectroscopic and crystallographic studies 

demonstrate that 1,4-btmgb reacts with CO2 in water to form the ion-paired bicarbonate adduct, 

[1,4-btmgbH2](HCO3
–)2. The synthesis and characterization of the mono- and diprotonated forms 
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were performed, and their pKa values were determined using differential pulse voltammetry (DPV) 

experiments. From electrochemical pH swing experiments, a degradation pathway was identified 

and proposed based on the observation of a radical species.

Chapter 2 describes experimental and computational work expanding on the promising 

CO2 reactivity of a Ru-PNP pincer complex. Deprotonated Ru[(PNP)(Cl)(CO)(H)] was previously 

found to bind to CO2 via metal-ligand cooperation. Computational values confirmed by 

experimental results demonstrate the redox behavior for Ru-PNP in the CO2 bound and unbound 

forms. However, cycling CO2 with this chemical system proved difficult due to the observed 

decomposition of the complex after attempts to oxidize to release CO2. 

Chapter 3 considers carbenes as a sorbent for the direct air capture of CO2. A computational 

survey of a diverse library of carbenes presents a linear relationship between the calculated pKa of 

the carbene and CO2 binding energy in water and organic solvents. Experimental evaluation of a 

selection of N-heterocyclic carbenes demonstrated an affinity to bind CO2 at low concentrations 

of 1% and below from gas streams. A trend between 13C NMR spectroscopic signals of the varied 

substituted imidazolium carboxylate compounds and corresponding CO2 binding energy finds that 

the less bulky electron-donating substituents correlate with a more negative (stronger) binding 

energy to CO2.
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Chapter 0: Background and Motivation 

Portions of this introduction were adapted from ACS Org. & Inorg. Au 2024, 4 (4) 387-394 

(section 0.1) and Chemical Reviews 2023, 123 (13) 8069-8098 (sections 0.2–0.4). 

0.1: Introduction 

The increasing levels of carbon dioxide (CO2) in the atmosphere has offset the natural 

balance of the Earth’s climate, contributing to a looming catastrophe. The atmospheric levels of 

CO2 has almost doubled to approximately 400 ppm from preindustrial levels of 218 ppm.1 Each 

year, about 40 gigatons of carbon dioxide (CO2) is emitted from human activity, with roughly 30% 

of these emissions arising from fossil fuel power plants.2,3 Flue gas from fossil fuel power plants 

typically contains 8−10% of CO2. 

Research to aid in the decarbonization of the atmosphere includes the development of 

methods for CO2 capture from industrial flue gas streams (point source capture) and direct air 

capture (DAC). The captured CO2 can then be stored, commonly referred to as carbon capture and 

storage (CCS), or chemically converted into an carbon containing commodities or fuels.4 The 

current state-of-the-art method for capturing CO2 from flue gas uses an aqueous alkanolamine 

solution to capture CO2 at ambient temperature and pressure. The release of CO2 is achieved by 

heating the sorbent (383 K for monoethanolamine).5,6 However, these thermal-swing methods are 

constrained by the Carnot limit and can only achieve 5−40% of the maximum theoretical energy 

efficiency.2,7 

Electrochemical methods are not constrained by the Carnot limit, allowing for theoretical 

efficiencies closer to the maximum thermodynamic limit.8 A growing number of electrochemical 

CO2 capture and concentration (eCCC) methods have been explored over the last several decades.9 
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A few avenues studying eCCC have been with redox-active small molecules such as quinones, pH 

swing systems, and transition metal complexes – the latter two of which will be discussed in this 

thesis.  

0.2: pH Swing Systems 

 An electrochemical pH swing (EPS) adjusts the 

pH of an aqueous solution to capture CO2 from dilute 

streams at a higher pH and release more concentrated 

CO2 at a lower pH. As presented in Figure 0.1, a potential 

(Eapp1) is applied to oxidize a basic solution with 

dissolved inorganic carbon, promoting a drop in pKa of a 

redox-active species. This controlled acidification of the 

solution facilitates the release of CO2. Regeneration of the basic solution is obtained with a 

reducing potential applied (Eapp2). In contrast to direct CO2 binding methods, which often compete 

with protonation due to the basic nature of the redox sorbent, EPS techniques utilize the different 

CO2 species present at varying pH levels to capture and release CO2 indirectly (Equation 0.1). A 

more basic solution promotes the solubility of CO2 as bicarbonate (HCO3–) or carbonate (CO3
2–), 

while in acidic solutions, CO2 will exist as carbonic acid with a much lower solubility in the 

solution.10  

Eq 0.1:  CO2(𝑔) + H2O  
KH

⇌  H2CO3  
K1

⇌  HCO3
−  +  H+  

K2

⇌  CO3
2− + 2H+ 

 Creating a dynamic pH gradient to capture and release CO2 ultimately needs the 

construction of a flow system to cycle CO2 successfully. In its simplest form, an EPS system is a 

controlled electrodialysis of water in a cell divided with membranes such as a bipolar or anion 

 

Figure 0.1: General representation of 

a pH-mediated eCCC cycle (EPS).6 
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exchange membrane.10,11 The membranes prevent the unwanted mixing of different pH solution 

streams, and the construction of the cell specifically allows the flow and concentration of CO2 

through the system to be dissolved and released. This method has been popularly explored using 

seawater as a feedwater source with the idea of capturing CO2 from the ocean. The saltwater (NaCl) 

serves as a natural electrolyte solution and helps form and separate sodium hydroxide and 

hydrochloric acid after the water molecules are split from the electrodialysis.11,12 

Using a redox carrier to facilitate a pH swing can boost CO2 capture efficiency and cycling, 

making identifying an ideal redox carrier for such a job a valuable research goal.10 EPS systems 

with a redox carrier have the advantage of running at a lower voltage and using less energy than 

electrodialysis methods by being self-sufficient in proton generation for the acidification process. 

The redox carrier would perform a proton-coupled electron transfer (PCET) to induce a pH swing 

in an aqueous solution.13–15  

A limited number of 

redox carriers described in 

the literature have been 

found to perform as aqueous 

pH mediators. While 

quinones have known PCET 

behavior, their limited 

solubility in aqueous solutions hinders their ability to participate as an efficient pH swing mediator 

(Figure 0.2, A).16,17 Another compound with limited performance in an EPS system is a redox-

active amine. Aminopyridium nitrate was found to reversibly produce 1-aminopyridinyl radical in 

a one-electron reduction in aqueous solutions. However, the efficiency of this compound was 

Figure 0.2: Redox carriers previously studied in pH swing systems. 

These include (A) the quinone – tiron (disodium 4,5-dihydroxy-1,3-

benzenedisulfonate16, (B) aminopyridium nitrate18, and (C) a 

sulfonated phenazine derivative (DHPZ)14. 
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limited due to self-reactivity via a radical-based pathway (Figure 0.2, B).18 Finally, phenazines are 

a class of compounds found to show a greater promise in participating in redox-mediated pH 

swings.13,14,19 One case is described by Aziz and co-workers, using a sulfonated phenazine 

derivative (DSPZ), produced a pH swing between 6 and 10, which captured CO2 from gas streams 

of 10% CO2, concentrating up to 100% CO2 upon acidic release (Figure 0.2, C).14 

With such methods, a few requirements must be met for the redox carrier to become an 

ideal pH swing mediator. Firstly, the redox carrier must have high solubility in an aqueous solution 

at a solubility greater than CO2 (>1 M). Secondly, the complex must be sufficiently basic in its 

reduced form to allow a pH swing greater than pH 9, where dissolved CO2 converts to bicarbonate 

or carbonate. The compound in its oxidized form must then be acidic enough to make a solution 

pH 6 or less to allow for outgassing.14,20 Crucially, the pH swing mediator must be stable under 

oxygen and water in oxidized and reduced forms. The redox carrier must also maintain long-term 

stability to facilitate repeated cycling, though stability concerns can be mitigated by designing a 

reaction cell that sufficiently separates the two reactive species under different pH conditions.10 

For example, a continuous redox flow battery design has been popularly successful with the 

phenazine systems. Understanding how and why redox carriers for pH swing decompose would 

aid the design of new EPS systems. 

0.3: Transition Metals 

Redox-active transition metal (TM) centers paired with specific ligands can also serve as 

CO2 capture agents in direct eCCC systems. DuBois and co-workers suggested that TM complexes 

with ligands that contain a CO2 binding site (i.e., a nucleophilic nitrogen or oxygen-based 

functional group) could enable CO2 cycling.8 The metal center as the active redox site would alter 

the electron density of the compound and thus the CO2 binding affinity. Their study found that the 



5 
 

distance between the redox metal center to the CO2 binding site significantly impacts the 

compound’s ability to capture and release CO2. The assayed compounds contained one, two, or 

five atoms separating the binding site to the redox active metal center of Co, Fe, or Ru and were 

also compared to a non-transition metal complex described as a zero-atom class (Figure 0.3). 

When the distance between the CO2 binding site on the ligand and the metal was two bonds or 

greater, the oxidation state of the metal did not impact the release of the CO2 from the ligand. 

CO2 capture activity was only observed in the Co3+ cyclopentadienyl indenyl complex with a one-

atom separation of the metal from the binding site. When CO2 binds at a one-atom distance 

between the oxygen binding site on cyclopentadienyl indenyl from the transition metal Co(III), the 

reduction potentials shift anodically in cyclic voltammetry (CV) scans, indicating the 

electrochemical binding of CO2. However, cycling CO2 electrochemically via controlled potential 

electrolysis demonstrated that the Co(III) complex reduces CO2 instead of being bound and 

released.  

A few binuclear TM complexes explored in other works trap CO2 dissolved in aqueous 

media as a bound carbonate ion.21–24 In these complexes,  bridging ligands orient two metals (Zn, 

Co, Ni, or Cu) to promote strong carbonate binding interactions. However, studies examining the 

electrochemical behavior of these compounds and their application to reversibly cycling CO2 are 

limited. 

 

Figure 0.3: The different classes of transition metal complexes assayed by DuBois and co-workers.7 
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DuBois and co-workers examined binuclear Ni and Cu complexes with varied bridging 

ligands for the reversible capture and release of bicarbonate and found that more flexible ligands 

resulted in enhanced binding.24,25 Contrary to typical increased CO2 binding affinity upon 

reduction, these systems bind carbonate upon oxidation of the TM+ metal center to TM2+, 

and reduction results in CO2 release.  

However, the reduction potentials of 

the nickel complexes were too negative for 

electrochemical cycling. Of the copper 

complexes surveyed, the [Cu2(tpmc)(μ-

OH)]3+ complex (tpmc = 

bridging N,N′,N″,N′′′-tetrakis(2-

pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane ligand)25, demonstrated a viable reduction 

potential for CO2 pumping and successful electrochemical CO2 capture, increasing the solution 

concentration CO2 from 10% to 75% in buffered aqueous solution (Figure 0.4). Electrochemical 

cycling unfortunately resulted in partial precipitation of the Cu+ complex, an outcome which could 

potentially be improved upon with variation of supporting electrolytes or ligand.  

0.4: Direct Air Capture and Carbenes 

The transportation, buildings, and land-use/forestry sectors generate 40% of global 

CO2 emissions. These are often referred to as “nonpoint sources” as they primarily consist of small, 

dispersed, and often mobile emissions.26 While existing technologies are generally not equipped 

to effectively capture CO2 from nonpoint source emitters, direct air capture (DAC) has been 

proposed as one viable approach to extracting CO2 from the atmosphere. To meet the Paris 

Agreement, not only would all “point-source” processes need to approach net-zero carbon 

 

Figure 0.4: Carbonate adduct, [Cu2(tpmc)(μ-

CO3)]2+ formed from [Cu2(tpmc)(μ-OH)]3+. 
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emissions, but emissions from other distributed sources (“nonpoint sources”) must also be 

significantly reduced or eliminated.27 While there are currently fewer commercialized DAC 

processes, and those that exist are relatively small-scale, DAC is receiving increased attention and 

monetary support from public and private-sector organizations.28 

After decades of research, most state-of-the-art amine capture systems still have high 

heating demands of ≥2.3 GJ/metric tonne CO2 (≥100 kJ/mol CO2). Therefore, current systems are 

limited to ≤22% of the Carnot efficiency, or <5% overall energetic efficiency, upon optimization 

at scale.29–32 To put this efficiency into context, 20–30% of the entire power output of a typical 

coal-fired power plant is required to power a retrofitted CCC process alone.33,34 CCC systems for 

DAC are underdeveloped, and the energy requirements are much higher due to the significantly 

lower CO2 concentrations. It is estimated that existing thermochemical DAC systems require ≥4.3 

GJ/ton CO2 (or ≥190 kJ/mol CO2), operating at ≤10% of the energetic efficiency, resulting in 

higher system costs.35,36  

Successful DAC requires a highly Lewis basic 

sorbent, with carbenes being a family of compounds that 

can easily capture CO2 at low atmospheric 

concentrations. While they cannot directly participate in 

electrochemical cycling, there has been an interest in incorporating carbenes in carbon capture and 

utilization (CCU). CCU may greatly reduce the energy and money used to release and regenerate 

sorbents.37 Once the sorbent captures CO2, it can undergo further reactions to more valuable 

products.38 Unlike amines, carbenes, specifically N-heterocyclic carbenes (NHCs), are prime 

candidates for the valorization of CO2. Carbenes have been a class of compounds well-studied as 

transition metal ligands and organocatalysts, allowing them to have a compelling role in 

 

Figure 0.5: Addition of CO2 to a 

carbene (NHC) to the zwitterionic 

imidazolium carboxylate. 
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heterogenous utilizations in capture and catalysis.38,39 Upon reacting with CO2, NHCs form an air-

stable zwitterionic imidazolium carboxylate (Figure 0.5), which can hold and shuttle CO2 into 

further reactions, such as the select carboxylation of other substrates.40,41 The reactivity of carbenes 

and, thus, the binding strength to CO2 can be tunable via electronic and steric modifications. 

Studies to further understand the trends of the carbene characteristics to their CO2 binding affinity 

are crucial for improving the use of carbenes for CCU. 

0.5: Outlook and Research Directions 

This dissertation presents the investigative efforts into these developing branches of carbon 

capture research. The interest in the redox-active, basic guanidino functionalized aromatic 1,4-

bis(tetramethylguanidino)benzene (1,4-btmgb) launched aqueous electrochemical studies on the 

potential for this complex to perform a pH swing. Results from the study with 1,4-btmgb shed light 

on the potential decomposition pathways that may hinder pH mediators.  

The latter two studies in this dissertation highlight the results of dual computational and 

experimental efforts to understand a CO2 capture system. A study with a Ru-PNP pincer complex, 

previously observed to bind to CO2 via metal-ligand cooperation at a less than one-atom distance 

from the metal complex to the CO2 binding site, inspired an experimental and computational 

exploration of the electrochemical behavior of the complex in organic solvents. Computational 

results further expand upon the Ru-PNP framework to survey different metal centers and 

substitution around the pincer ligand and the effects on the CO2 affinity. 

With the aid of computational efforts, a library of carbenes that participate in CO2 capture 

at DAC levels was surveyed. From the observed correlation between the pKa versus binding 

constant, it was key to identify the off-trend carbene variations and substituents that preferentially 
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bind to CO2 instead of becoming protonated. Experimental studies corroborate the experimental 

values in how less bulky electron-donating substituents promoted better CO2 affinity. 

The outcomes of these studies underscore the wide range of possibilities that can be 

explored in carbon capture research. From these efforts, a perspective is offered towards a better 

understanding of the directions that carbon capture research can take. 
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1.1 Introduction 

One common motif for ambient 

electrochemical CO2 capture and 

concentration uses redox active molecules 

that either (1) directly bind to and release 

CO2 or (2) modify the pH of aqueous 

solutions (Scheme 1.1).1 In the first 

approach, redox carriers bind CO2 in their 

electron-rich reduced form (Scheme 1.1, 

red pathway). Subsequent electrochemical 

oxidation decreases the redox carrier’s electron density, lowering its CO2 binding affinity and 

releasing concentrated CO2. The redox carrier can then be regenerated for CO2 capture via 

electrochemical reduction.2 Another approach uses redox chemistry to change the pH of an 

aqueous solution for CO2 capture and release (Scheme 1.1, blue pathway). These pH swing cycles 

capitalize on pH-dependent CO2 equilibria in aqueous solutions. At high pH values, hydroxide 

reacts with CO2 to form bicarbonate and carbonate, enabling capture from dilute streams. At low 

pH values, the equilibrium is reversed, and CO2 is released. Redox-active molecules whose proton 

affinity (pKa) significantly varies depending on their oxidation state are used to induce these 

electrochemically driven pH swings.3 Guanidines are a family of neutral organic Brønsted 

superbases (pKa values of 12 or greater in water) with attractive CO2 capture properties.4 They 

bind CO2 through two different mechanisms, depending on the solvent. These mechanisms parallel 

the two capture routes shown in Scheme 1.1.2 In aprotic solvents, tetramethyl guanidine (TMG) 

binds directly to CO2 to form a zwitterionic carbamate salt (Scheme 1.2, pathway A).5 In protic 

solvents such as alcohols or water, sufficiently Brønsted basic guanidine deprotonates the alcohol 

 

Scheme 1.1: Two Modes of CO2 Capture by a 

Redox-Active Molecule (R) via Direct Capture or pH 

Swing Methods 
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or water, which then binds CO2 to form an 

alkyl carbonate or carbonate ion pair with 

the protonated TMG (Scheme 1.2, pathway 

B).6 Because of their reactivity with CO2, 

guanidine derivatives have been studied for 

their use in thermal capture and release cycles. Heldebrandt and co-workers developed a new class 

of CO2-binding organic liquids composed of alcohol solvents and TMG derivatives.6 Direct air 

capture (DAC) of CO2 by a family of bis-iminoguanidine has been studied by Custelcean and co-

workers.7–9 The resulting bis-iminoguanidine carbamate salts can be heated to regenerate the 

sorbent (80−120 °C).8,9 The lack of reversible redox properties in the previously studied guanidine 

compounds limited their use as sorbents in thermal regeneration cycles. However, Himmel and co-

workers recently synthesized TMG-substituted functionalized aromatics, or guanidino 

functionalized aromatics (GFAs), with reversible redox properties.10 These redox-active 

superbases have not been assessed for electrochemical CO2 capture and release. A variety of GFAs 

can be obtained through straightforward synthetic routes. Among these, 1,4-bis-

(tetramethylguanidino)benzene (1,4-btmgb) was selected for testing due to its mild redox potential 

and stability in air. In this study, we explored the use of 1,4-btmgb in organic and aqueous solutions 

to assess its viability as a redox carrier and pH swing mediator for electrochemical CO2 capture. 

1.2 Results and Discussion 

1.2.1 Synthesis of GFAs 

Compounds 1,4-btmgb and the doubly oxidized form, 1,4-btmgb[BF4]2, were synthesized 

as described by Himmel and co-workers (Scheme 1.3).10 In addition, the previously unreported 

conjugate acids [1,4-btmgbH2]
2+ with PF6

− and Cl− counteranions and the monoprotonated [1,4-

Scheme 1.2: Modes of CO2 Capture by Guanidines 
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btmgbH]+ with BF4
− or PF6

− counteranions were also synthesized. These protonated compounds 

were characterized via 1H and 13C{1H} NMR spectroscopy and X-ray crystallography (Figures 

1.1−1.2). 

 

Figure 1.1: ORTEP structure of 1,4 btmgbH2[PF6]2. Thermal ellipsoids are shown at 80% probability. See 

refinement data below in Crystallographic Information 1.5. 

 

Scheme 1.3: Synthesis of 1,4-btmgb, 1,4-btmgb2+, and 1,4-btmgbH2
2+ 



20 
 

 

Figure 1.2: ORTEP of monoprotonated 1,4-btmgbH[PF6]. Thermal ellipsoids are shown at 80% 

probability. See refinement data below in Crystallographic Information 1.5. 

1.2.2 pKa and Electrochemical Properties in Acetonitrile 

The pKa values for [1,4-btmgbH2]
2+ 

were previously reported in acetonitrile 

(MeCN) as 19.3 and 22.1, respectively.11 In 

MeCN, the cyclic voltammogram (CV) of 

the fully deprotonated 1,4-btmgb has a 

reversible two-electron oxidation with an 

E1/2 at −0.25 V vs ferrocenium/ferrocene 

(Fe(C5H5)2
+/0) (ΔE = 0.030 V) (Figure 1.3). 

This redox behavior is consistent with the previous reports of 1,4-btmgb in other organic solvents 

referenced to ferrocene, which described a reversible two-electron reduction at −0.18 V in DCM 

and −0.26 V in THF.10 The CV of the doubly protonated species, [1,4-btmgbH2]
2+, is shown in 

 

Figure 1.3: 1,4-btmgb (1 mM) in MeCN with 

TBAPF6 as the supporting electrolyte (100 mM) at 

varied scan rates. 



21 
 

Figure 1.4. This species has irreversible 

oxidation events at the more anodic 

potentials of 1.12 and 1.39 V vs 

Fe(C5H5)2
+/0. After oxidation, the 

subsequent reduction at −0.33 V is 

approximate to the potential for the 

reduction of [1,4-btmgb]2+ seen in the CV of 

deprotonated [1,4-btmgb]2+/1,4-btmgb 

(Figure 1.3). Oxidation of [1,4-btmgbH2]
2+ 

by two electrons is expected to result in an increase in acidity. We believe that [1,4-btmgbH2]
4+ 

(formed upon the oxidation of [1,4-btmgbH2]
2+) is deprotonated, despite the lack of an added base, 

to form the more stable 1,4-btmgb2+. The CV trace for the monoprotonated species (Figure 1.5) 

maintains a one-electron redox couple centered at −0.24 V, a lone reduction event at 0.39 V, and 

oxidation peaks at 1.19 and 1.30 V vs Fe(C5H5)2
+/0. 

 

Figure 1.5: 1 mM 1,4-btmgbH[PF6] in MeCN with 100 TMAPF6, varied scan rate. 

 

Figure 1.4: Varied scan window of 1,4-

btmgbH2[PF6]2 (scan rate = 500 mV/s) in MeCN, 

with 100 mM TBAPF6 as the supporting electrolyte 

and a glassy carbon counter electrode. 
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Figure 1.6: X-ray crystal structure of 1,4-btmgbH2(HCO3
–)2. Thermal ellipsoids are shown at 80% 

probability. Refinement data can be found below in Crystallographic Information 1.5 Table 1.2. 

 

Figure 1.7: ORTEP of 1,4-btmgbH2(HCO3
-)2·(H2O)2, ellipsoids are shown at 80% probability. See 

refinement data before in Crystallographic Information 1.5. 

1.2.3 Reactivity with CO2 

The CO2 capture capability of 1,4-btmgb was assessed in MeCN, with CO2 being added to 

solutions of 1,4-btmgb under different conditions. Sparging CO2 into a 1 mM solution of 1,4-
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btmgb in MeCN with trace water resulted in the formation of a white precipitate. Single crystals 

of this product, suitable for analysis by X-ray crystallography, were grown from a solution of 

concentrated 1,4-btmgb dissolved in MeCN under a CO2 headspace. The analysis reveals the 

formation of protonated 1,4-btmgb with bicarbonate anions (1,4-btmgbH2(HCO3
−)2) (Figure 1.6). 

Other attempts to recrystallize 1,4-btmgb with CO2 in MeCN resulted in a similar structure but 

with two water molecules to give 1,4 btmgbH2(HCO3
−)2·(H2O)2 (Figure 1.7). The formation of a 

carbonate salt was also present in pure water, supported by 1H NMR spectroscopic analysis. The 

1H NMR spectrum of 1,4-btmgb in D2O have signals at δ 6.85 and 2.82 ppm, which shift to 7.11 

and 2.97 ppm, respectively, after sparging with CO2 for 5 min (Figures 1.8 and 1.9). After CO2 

exposure, these signals are identical to those found for doubly protonated 1,4-btmgbH2[PF6]2 in 

D2O (Figure 1.10). The 13C{1H} NMR of 1,4-btmgb in D2O with added CO2 is the same as that 

of 1,4-btmgbH2[PF6]2 with two additional resonances observed at δ 124.8 and δ 160.3 ppm which 

correspond to dissolved free CO2 in solution and bicarbonate (HCO3
−), respectively.12,13 

 
Figure 1.8: 1H NMR of 1,4-btmgb in D2O, 600 Hz, 293 K, under 1 atm N2 (top) and under 1 atm of 

CO2 (bottom). 
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Figure 1.9: 13C{1H} NMR of 1,4-btmgb in D2O, 151 Hz, 293 K, under 1 atm N2 (top) and under 1 

atm CO2 (bottom).  

 

 

 

Figure 1.10: NMR spectra of 1,4-btmgbH2[PF6]2 in D2O 1H NMR 600 Hz, 293 K (top), and 13C{1H} 

at 151 Hz, 293 K (bottom). 
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1.2.4 pKa and Electrochemical Properties in Protic Solvents 

Since even trace water in aprotic 

solvents results in the formation of the 

protonated base and bicarbonate, we 

postulate that 1,4-btmgb is a better candidate 

for an aqueous electrochemical pH swing 

cycle than direct capture. To assess the 

suitability of 1,4-btmgb for an aqueous 

electrochemical pH swing, we first sought to 

determine the pKa values for [1,4-btmgbH2]
2+ in water. Compared to the CVs obtained on 1,4-

btmgb at various stages of protonation in MeCN (Figures 1.3–1.5), the CVs of 1,4-btmgb in water 

varied with pH (Figures 1.11−1.14), reflecting different protonation states. The relationship be- 

 

Figure 1.11: CVs of 1,4-btmgb in 100 mM KCl in 

H2O at various pH values. 

 

Figure 1.12: Cyclic voltammetry of 1 mM 1,4-btmgb vs SCE in water with 100 mM KCl at varied 

alkaline conditions by the additions of concentrated NaOH, scan rate = 400 mV/s. 
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Figure 1.13: Cyclic voltammetry of 1 mM 1,4-btmgb in water with 100 mM KCl, scan rate of 100 

mV/s. Varied solution pH with additions of 1 M HCl. 

 

 

 

Figure 1.14: Cyclic voltammetry of 1 mM 1,4-btmgb (protonated to 1,4-btmgbH2
2+

 by solution pH) in 

water with 100 mM KCl, scan rate 400 mV/s. Varied solution pH with additions of 1 M HCl. 
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-tween the electrochemical potential and the solution pH with 1,4-btmgb was used to determine its 

pKa values.14–16 Cyclic voltammograms of 1,4-btmgb were acquired at pH values between 2.5 and 

13.8. From these experiments, a partial Pourbaix diagram (Figure 1.15) was constructed by 

plotting the pH measured to the observed E1/2 (or Ep,a and Ep,c, Figures 1.16−1.17).17 The reduction 

potential remained relatively constant below the pH value of 11. The oxidation potential shifted 

cathodically as the pH increased from 11 to 13.5 (Figures 1.15−1.17). The slope of the shift in E1/2 

versus pH was observed to be −40.4 mV/pH, indicating a two-electron, one-proton process.17 

Above pH 13.5, there were minimal changes in the redox potential. Further supporting this, with 

differential-pulse voltammetry (DPV) (Figure 1.18) experiments from pH 9.5 to 14.1, the exact 

breaking points in the pH-dependent and pH-independent regions allowed for the determination of 

pKa values. Collectively, these data indicate a pKa1 value of approximately 13.5 ([1,4-btmgbH]+) 

and a pKa2 value of 11.0 ([1,4-btmgbH2]2
+). The redox features of 1,4-btmgb are less reversible at 

Figure 1.16: pH measurements vs. Ep,a values 

from pH 13.79 to 2.52, taken from an initial 

solution of 1 mM btmgb dissolved in water with 

100 mM KCl and titrated with 1 M NaOH and 1 

M HCl or 1 M acetic acid. Collective data from 

varied scan rates of 200 mV, 400 mV, and 700 mV. 

 

Figure 1.15: pH vs E1/2 (V vs SCE) from points 

collected from titrating 1 M acetic acid and 1 M 

NaOH into 1,4-btmgb in aq. KCl (conc.) solution. 
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both higher and lower pH values. Between pH 11.3−11.9 there were two additional reduction peaks 

negative of the reversible redox event at E1/2 = 0.2 V vs saturated calomel electrode (SCE) (pH = 

11.75) (Figure 1.11, blue trace). The reduction event at 0.0 V is attributed to the reduction of [1,4-

btmgbH]3+, from the oxidized [1,4-btmgbH]1+ that is expected to form at these pH values. The 

more cathodic reduction event at −0.18 V vs SCE increases in current at high pH (11.3 and higher, 

Figure 1.11, green trace) but was not observed when 1,4-btmgb was probed electrochemically in 

Figure 1.18: pH measurements vs. Ep, 

differential-pulse voltammetry (DPV) data from 

pH 14.12 to 9.49, taken from an initial solution of 

2 mM btmgb dissolved in water with 200 mM KCl 

and titrated with 0.1 M, 1 M, or conc. NaOH and 

0.1 M or 1 M HCl. 

 

Figure 1.17: pH measurements vs. Ep,c (from  

pairing CV with DPV experiments) from pH 14.12 

to 9.49, taken from an initial solution of 2 mM 

btmgb dissolved in water with 200 mM KCl and 

titrated with 0.1 M, 1 M, or conc. NaOH and 0.1 

M or 1 M HCl. CVs were taken with a scan rate of 

500 mV/s. 

 

Figure 1.20: Cyclic voltammetry of 1mM 1,4-

btmgb in EtOH with 100 mM NaClO4 referenced 

vs Ag/Ag+. 

 

Figure 1.19: Cyclic voltammetry of 1 mM 1,4-

btmgb in MeOH with 100 mM NaBr referenced vs 

Ag/Ag+. 
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other nonaqueous protic solvents (methanol and ethanol, Figures 1.19−1.20). We attribute this 

reduction to an interaction with water upon oxidation, which is supported by electrolytic studies 

(vide infra). 

1.2.5 Controlled Potential Electrolysis and Supporting Experiments 

Electrochemically induced pH changes with 1,4-btmgb and [1,4-btmgbH2][Cl]2 were 

attempted through controlled potential oxidative electrolysis in a divided H-cell. 1,4-btmgb is 

sufficiently basic to deprotonate water. As a result, the initial pH of the solution was 11.71 (±0.06). 

Controlled potential electrolysis was carried out at 0.5 V vs SCE to fully oxidize the [1,4-

btmgbH]1+ to [1,4-btmgbH]3+ and [1,4-btmgb]2+. The final pH was observed to be 9.50 (±0.21).  

An aqueous 2 mM solution of 

protonated [1,4-btmgbH2][Cl]2 was also 

oxidized. The initial pH was 9.88 and then 

decreased to 8.72. Upon subsequent 

reduction, the pH of the solution increased 

to 9.38 (Table 1.1). While both solutions 

produced a change in pH from electrolysis, 

the magnitudes were smaller than expected 

and the solutions could not be restored to the 

original pH after reduction. The solutions 

also turned deep red during oxidation, which 

is further explored in later UV-vis 

experiments. The color faded in intensity 

over time but did not completely disappear. 

Table 1.1: pH values observed before and after 

electrolysis of 2 mM solutions of 1,4-btmgb and 

1,4-btmgbH2
2+a  

Compound Initial 

pH 

Post 

oxidation 

pH 

Post 

reduction 

pH 

1,4-btmgb 11.71  

(±0.06) 

9.50  

(±0.21) 

10.50 

1,4-

btmgbH2
2+ 

9.88 8.72 9.38 

aElectrolysis performed stirred in a divided H-cell, with a carbon 

fabric working electrode and SCE reference electrode on the 

working side and a glassy carbon electrode on the counter side. 

Further details of the electrolysis in the methods. 

 

Figure 1.21: 2 mM 1,4-btmgb in 200 mM KCl and 

water, pre-oxidation scan rates 500 mV/s and post-

oxidation scan rate 250 mV/s. 
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The CVs of the oxidized 1,4-btmgb solution 

are shown in Figure 1.21 (red trace). 

Compared to the trace of the solution before 

oxidation, a new reductive event appears at 

−0.18 V vs SCE. This feature and the color 

change indicate the formation of new 

species after controlled potential oxidative 

electrolysis. The redox event at −0.18 V vs SCE we attribute to an aniline species that is the product 

of the decomposition of 1,4-btmgb via the loss of a TMG group via base-catalyzed hydrolysis 

(Scheme 1.4). This reduction feature is present only in CVs of 1,4-btmgb in water among the protic 

solvents surveyed, indicating it is related to the [1,4-btmgb2+] generated in situ interacting with 

Scheme 1.4: Alkaline hydrolysis of a TMG group 

on oxidized 1,4 btmgb. 

Figure 1.22: 1H NMR (500 Hz, 293 K) spectra of 1,4-btmgb[BF4]2 in CD3CN before (A) and after (B 

& C) water addition, aromatic region. 
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water/hydroxide. Prior studies have likened the redox behavior of the TMG substituted aniline to 

that of 1,4-bis(dimethylamino)-benzene where oxidation of this compound results in the Wurster 

cation and undergoes further decomposition in the solution mixture due to the N−H moiety.18 There 

is literature precedence for this route of decomposition to form tetramethyl urea (Scheme 1.4).19–

21 1H NMR experiments were also performed on chemically oxidized [1,4-btmgb2+] in deuterated 

acetonitrile in the presence of water, showing the decomposition of the parent species 30 minutes 

after the addition of water. Over the course of 5 hours, additional resonances at around 2.89 ppm 

and in the aromatic region (6.74−6.76 ppm) increase in intensity (Figures 1.22–1.23). The 

resonance at 2.86 ppm is assigned to the methyl proton peaks of tetramethyl urea, and the 

 

Figure 1.23: 1H NMR (500 Hz, 293 K) spectra of the oxidized species 1,4-btmgb[BF4]2 in CD3CN 

before (A) and after (B & C) water addition, methyl region. The high amounts of water added to this 

solution result in the residual water peak that is typically at 2.13 ppm (in CD3CN) with respect to the 

solvent residual peak to shift downfield to 3.22 ppm due to H-bonding. 
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resonances between 6.74−6.76 ppm are attributed to the aniline species formed post-hydrolysis 

(tetramethylguanidino-dimethyl-p-phenylenediamine has aromatic resonances at 6.49−6.69 ppm 

while p-phenylenediamine has a resonance at 6.46 ppm in CD3CN).18 Altogether, the new 

resonance peaks in the aromatic region indicate decomposition in the presence of water. 

Monitoring the reduced species 1,4-btmgb in D2O at high and low pH via 1H NMR spectroscopy 

does not show evidence of decomposition over the span of days, indicating it is the oxidized 

species that is sensitive to deleterious reactions with water.  

Further evidence for decomposition 

with hydroxide upon oxidation is observed 

in the scan-rate dependent CVs. A new 

reductive feature appears after oxidation of 

[1,4-btmgbH]3+ and the [1,4-btmgb]2+ 

species (Figure 1.24). This reduction event 

at −0.18 V vs SCE increases with scan rates 

250 mV/s and above and slower for 

solutions over pH 11.5 (Figures 1.12 & 

1.24). This reductive feature does not appear 

if the solution is not first oxidized. In 

addition to the hydrolysis decomposition 

pathway in Scheme 1.4, we attribute the 

color change observed during electrolysis to 

a second decomposition pathway that results 

in radical formation. Prior studies in 

Figure 1.24: Cyclic voltammetry investigating the 

reduction events at 0 and -0.18 V vs. SCE of 1,4-

btmgbH+ in water by scanning reductively first 

before scanning again after the main redox peak at 

0.2 V vs SCE (1,4-btmgb/btmgb2+). 1 mM 1,4-btmgb 

in water with 100 mM KCl at 250 mV/s, at pH 11.72. 

Scheme 1.5: Various Proposed Comproportionation 

Pathways for [1,4-btmgb]2+ (A) Unprotonated and 

(B) between a Reduced Monoprotonated Species 

[1,4-btmgbH]+. 
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acetonitrile conditions have shown that the 

fully oxidized [1,4-btmgb]2+ can 

comproportionate with 1,4-btmgb to form 

[1,4-btmgb·]1+ in solution (Scheme 1.5).22 

Water is also known to stabilize this radical 

formation.23 To verify the presence of a 

radical in the solution, electron 

paramagnetic resonance (EPR) spectra were 

acquired by using aliquots of the oxidized 2 

mM 1,4-btmgb. An EPR signal at g⊥ = 

2.0066 was present for the solution after 

controlled potential electrolysis at 0.5 V for 

10 min, indicating the formation of an S = 

1/2 organic radical species (Figure 1.25). 

Ultraviolet−visible (UV−vis) 

spectroelectrochemistry (SEC) was used to 

obtain absorption spectra of the generated 

oxidized species [1,4-btmgb]2+ (Figure 

1.26) through controlled potential electrolysis of a 0.1 mM solution of 1,4-btmgb with 100 mM 

KCl in water at 0.25 V vs SCE. 1,4-btmgbH+ has absorbances of 235 and 272 nm. Oxidation leads 

to two new absorbances at 224 and 291 nm, which have higher absorbance. The post-electrolysis 

solution obtained after oxidation in an H-cell with stirring leads to different absorption spectra 

than what was observed in the UV−vis SEC experiments (Figure 1.27). The absorbances that 

Figure 1.25: EPR spectrum of 2 mM 1,4-btmgb 

oxidized for 10 mins, measured at 77 K, microwave 

frequency = 9.43 GHz. 

Figure 1.26: UV–visible SEC data of 0.1 mM 1,4-

btmgb. Oxidation at 500 mV vs Ag+/Ag electrode in 

unbuffered water with KCl (100 mM) was performed 

at pH 11.91. Under these conditions, it is expected to 

protonate once to give 1,4-btmgbH+. Purple trace is 

initial 1,4-btmgbH+ and pink trace is oxidized 1,4-

btmgb2+ at 250 mV vs SCE. 
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correspond to the oxidized species were not 

present. We believe that convection 

increases the rate of comproportionation. 

After 1 day, the absorbance at 272 nm also 

decreases in intensity, indicating 

decomposition. The solubility of 1,4-btmgb 

was measured in water in the absence and 

presence of CO2. Unlike MeCN, it was 

found that the addition of CO2 does not 

diminish the solubility of 1,4-btmgb in water 

or lead to precipitation, even in saturated solutions. The determined solubility of 1,4-btmgb in 

water is 97 g/L (0.32 M). Collectively, these decomposition pathways result in smaller than 

expected pH changes in the controlled potential electrolysis experiments (Table 1.1). Additionally, 

the side reactions hinder the regeneration of 1,4-btmgb and the overall reversibility of an 

electrochemical cycle. 

1.3 Conclusions 

A guanidine-functionalized aromatic (GFA) compound, 1,4-btmgb, was examined as a 

redox-active candidate for CO2 capture. Reactivity with CO2 in the presence of trace water forms 

protonated guanidine and carbonate. In addition, the stability of 1,4-btmgb and the preliminary 

redox behavior in water indicate that it could potentially mediate a pH swing cycle. The aqueous 

pKa values of [1,4-btmgbH2]
2+ were measured to be 11.0 and 13.5. However, controlled potential 

electrolysis indicates more complicated reactivity in water with hydrolysis and radical formation 

Figure 1.27: UV-Vis spectra before and after 

controlled oxidative electrolysis of 1 mM 1,4 

btmgbH+ in water with 100 mM KCl. Oxidation held 

at 0.5 V vs. SCE. Sample diluted for UV-Vis 

measurement. 
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decomposition pathways. The use of GFAs in electrochemical CO2 capture and concentration will 

require addressing these decomposition pathways. 

1.4 Experimental  

General Methods: Synthetic work was carried out in either ambient air or under a dinitrogen (N2) 

atmosphere in a glovebox where noted. All solvents and reagents were purchased from commercial 

vendors and used without further purification unless otherwise noted. Deuterated acetonitrile used 

for NMR characterization were purchased from Cambridge Isotope Laboratories, Inc., and were 

degassed via free−pump−thaw and stored over activated 3 Å molecular sieves. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purified via recrystallization from 

ethanol and dried under a heated (80 °C) vacuum (1 × 10−3 Torr) and stored in a glovebox. 

Experiments using carbon dioxide (CO2) atmospheres were performed using ultrahigh purity 

(99.999%) CO2, which was additionally passed through a purification column to eliminate residual 

H2O, O2, CO, halocarbons, and sulfur compounds. 

Electrochemical Methods: Electrochemical experiments were carried out under an atmosphere 

of N2 or CO2, where indicated. Solutions for electrochemical measurements were recorded in 

acetonitrile or water using 100 mM TBAPF6 (or TMAPF6) or 100 mM KCl as the supporting 

electrolytes, respectively. Cyclic voltammetry (CV) was performed with a Pine instrument 

WaveDriver 10 potentiostat. In organic solvents, ferrocene (Fe(C5H5)2) was used as an internal 

standard and potentials are referenced to the ferrocenium/ferrocene (Fe(C5H5)2
+/0) couple. In water, 

a saturated calomel electrode (SCE) or a Ag/AgCl electrode was used as the internal reference 

electrode. Between CV scan, the working electrode was polished in a figure eight pattern with an 

alumina slurry (0.05 um) on a microcloth (2.875 in, PSA backed). Controlled potential electrolysis 

experiments were performed stirred in a custom H-cell with the working and the counter cells 
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divided by a porous glass frit. In the working compartment, carbon fabric was used as the working 

electrode and SCE as the reference. A glassy carbon rod was used as the counter electrode on the 

counter side cell. UV−visible spectroelectrochemistry (UV−vis SEC) was performed using a 

UV−vis SEC kit from Pine Instruments with a Pt working/counter electrode and Ag wire as a 

pseudo reference electrode.  

Physical Methods: UV−vis absorption spectra were recorded by using a 1 cm quartz cuvette with 

an Agilent Cary 60 UV−vis spectrophotometer. CO2 monitoring was performed on a CM-0111 gas 

sensor kit CM-0111 by CO2Meter with the software GasLab. A Bruker EMX spectrometer 

equipped with an ER041XG microwave bridge was used to collect the X-band EPR spectra. 

Fourier Transform Infrared (FTIR) spectra were collected by using a Thermo Scientific Nicolet 

iS5 FTIR Spectrometer with iD5 diamond ATR. 1H, 13C{1H}, and 19F{1H} NMR spectra were 

recorded with a 500 MHz Bruker or 600 MHz Varian instruments. 1H NMR spectra chemical shifts 

were reported as δ values in ppm relative to the residual solvent: D2O (4.79 ppm), MeOD (3.31 

ppm), and CD3CN (1.94 ppm). pH values were collected with a Thermo Scientific Orion Star A216 

pH/RDO/DO meter. The instrument was calibrated with Thermo Scientific buffers at pH 4.01, 

7.00, and 10.01 each time before use. 

X-ray diffraction studies were conducted at the UCI Department of Chemistry X-ray 

Crystallography Facility on a Bruker SMART APEX II or Bruker X8 Prospector diffractometer. 

Crystals were mounted in a cryoloop and transferred to a Bruker X8 Prospector (SMART APEX 

II, Mo Kα, λ = 0.71073 Å) or Bruker X8 Prospector (Cu Kα, λ = 1.5406 Å) diffractometer system.  

1,4-Bis(tetramethylguanidino)benzene. Synthesized following previously described 

prep by Himmel and co-workers.10 1H NMR (600 MHz, CD3OD) δ = 6.63 (s, 4H) 2.72 (br, 24H) 
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ppm. 1H NMR (600 MHz, D2O, unbuffered) δ = 6.85 (s, 4H), 2.82 (s, 24H) ppm. 13C{1H} (151 

MHz, D2O, unbuffered) δ = 161.2, 139.9, 122.5, 39.19 ppm. 

1,4-btmgb[BF4]2. Synthesized following previously described prep by Himmel and co-

workers, but using Ag[BF4] instead of Ag[PF6].
10 Use in water decomposition experiments in 

CD3CN as seen in Figures 1.22–1.23.  

1,4-btmgbH2[PF6]2. In a glovebox, a mixture of 1,4-btmgb (0.018 g, 0.060 mmol) and 

[NH4][PF6] (0.016 g, 0.1 mmol) in dry MeCN (20 mL) was stirred for 45 min while heated at 55 

°C. The solvent was removed under reduced pressure, and the resulting solid was redissolved in 

MeCN, yielding a clear yellow solution. Activated carbon was added, and the solution was left to 

stir for 15 min before being filtered through glass fiber. Removal of the solvent yielded a white 

powder that, when recrystallized from Et2O, formed clear crystals. Yield: 14 mg (41%). 1H NMR 

(600 MHz, CD3CN) δ = 7.93 (s, 2H), 7.04 (s, 4H), 2.92 (s, 24H) ppm. (600 MHz, D2O) δ = 7.11 

(s, 4H), 2.97 (s, 24H) 13C{1H} NMR (151 MHz, CD3CN) δ = 159.3, 135.6, 123.3, 40.8 ppm. 

13C{1H} (151 MHz, D2O) δ = 158.6, 134.9, 122.3, 39.6 ppm. UV/vis (CH3CN): λmax (ε in L·(mol 

cm)−1) = 277 (4.0 × 104), 231 (2.2 × 104) nm. FTIR (ATR)/cm−1 ν = 3400 (w), 3328 (w), 2926 

(w), 1627 (m), 1563 (w), 1520 (w), 1466 (w), 1420 (m), 1316 (w), 1230 (w), 1165 (w), 1067 (w), 

1041 (w), 917 (w), 822 (s), 741 (m), 557 (m). MS (ESI-MS) m/z calcd C16H29N6
+ [M-H-2(PF6)]

+ 

305.25, found m/z 305.25. (Low-res MS) found m/z [M-PF6]
+ 451.3, [M-H-2(PF6)]

+ 305.3, and 

[M/2]2+ 153.2.  
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Figure 1.28: 1H NMR of 1,4 btmgbH2[PF6]2 in CD3CN, 600 Hz, 293 K. 

 

 

 

Figure 1.29. 13C{1H} NMR of 1,4 btmgbH2[PF6]2 in CD3CN, 600 Hz, 293 K. 
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1,4-btmgbH2[CO3H]2. Preparation varied, but for the general isolation of the compound, 

the procedure for characterization and experiments is as follows. A solution of 1,4-btmgb (10 mg) 

in MeCN (5 mL) was sparged with CO2 for 3 min for CO2 saturation at room temperature. While 

the solution was still actively sparged by CO2, deionized water (0.1 mL) was added to the solution 

and a cloudy precipitate was observed to form. The solution was dried under a vacuum, yielding a 

chalky white power. Yield: quantitative. Crystals suitable for X-ray diffraction were grown from 

dissolved 1,4-btmgb in MeCN and drops of water, under a headspace of CO2. 
1H NMR (600 MHz, 

CD3OD) δ = 6.94 (s, 4H), 2.90 (s, 24H) ppm. 1H NMR (600 MHz, D2O) δ = 7.11 (s, 4H), 2.97 (s, 

24H) ppm. 13C{1H} NMR (151 MHz, D2O) δ: 160.3, 158.6, 134.9, 124.8, 122.3, 39.6 ppm. FTIR 

(ATR)/cm−1 v = 3380 (w), 3010 (w), 2917 (w), 2876 (w), 2802 (w), 2161 (w), 1564 (s), 1461 (s), 

1437 (m), 1372 (s), 1268 (m), 1230 (m), 1204 (m), 1132 (s), 1097 (m), 1062 (w), 1016 (s), 922 

(w), 841 (s), 751 (m), 685 (m), 638 (w), 578 (w). MS (ESI-MS) m/z calcd C16H29N6
+ [M-H-

2(CO3H)]+ 305.25, found m/z 305.25. (low-res MS) found m/z [M-H-2(CO3H)]+ 305.3, [M/2]2+ 

153.2. For the corresponding spectra, see the lower panel of Figures 1.8–1.9. 

1,4-btmgbH[BF4]. In a glovebox, a mixture of 1,4-btmgb (0.021 g, 0.070 mmol) and 

[NHBu3][BF4] (0.019 g, 0.070 mmol) in dry MeCN (20 mL) was stirred for 1 h at 55 °C. The 

solvent was removed under reduced pressure, and the resulting beige solid was recrystallized from 

MeCN and Et2O. Yield: 10 mg (50%). 1H NMR (600 MHz, CD3CN) δ = 7.79 (s, 1H), 6.73 (s, 4H), 

and 2.76 (s, 24H) ppm. 13C{1H} NMR (151 MHz, CD3CN) δ = 159.1, 123.1, 122.3, 115.0, 39.4 

ppm. 19F{1H} NMR (565 MHz, CD3CN) δ = 151.8 ppm. FTIR (ATR)/cm−1 v = 3382 (w), 3340 

(w), 2932 (w), 2887 (w), 2361 (w), 2163 (w), 1630 (m), 1551 (m), 1493 (m), 1383 (m), 1318 (w), 

1231 (w), 1205 (w), 1144 (w), 1049 (s), 1019 (s), 914 (w), 855 (m), 843 (m), 764 (w), 616 (w), 

579 (w). MS (ESI-MS) m/z calcd C16H29N6
+ [MBF4]

+ 305.25, found m/z 305.25. 
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Figure 1.30:. 1H (500 Hz) and 13C{1H} (151 Hz) NMR of 1,4 btmgbH[BF4] in CD3CN, 293 K.  

 

1.5 Crystallographic Information 

Crystallographic Information for 1,4-btmgbH2[PF6]2 

A colorless crystal of approximate dimensions 0.124 x 0.283 x 0.305 mm was mounted on a glass 

fiber and transferred to a Bruker SMART APEX II diffractometer system. The APEX224 program 

package was used to determine the unit-cell parameters and for data collection (10 sec/frame scan 

time). The raw frame data was processed using SAINT25 and SADABS26 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL27 program package. The 

diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic 

space group P21/c that was later determined to be correct.  
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Refinement Details 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques. The analytical scattering factors28 for neutral atoms were used throughout the analysis. 

Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso). The 

molecule was located about an inversion center. 

Least-squares analysis yielded wR2 = 0.0805 and Goof = 1.025 for 223 variables refined against 

3703 data (0.69 Å), R1 = 0.0311 for those 3137 data with I > 2.0σ(I). 

Crystallographic Information for 1,4-btmgbH[PF6] 

A colorless crystal of approximate dimensions 0.121 x 0.124 x 0.154 mm was mounted in a 

cryoloop and transferred to a Bruker X8 Prospector diffractometer system. The APEX329 program 

package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan 

time). The raw frame data was processed using SAINT25 and SADABS26 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL27 program package. The 

diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic 

space group P21/c that was later determined to be correct. 

Refinement Details 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques. The analytical scattering factors28 for neutral atoms were used throughout the analysis. 

Hydrogen atom H(1) was located from a difference-Fourier map and refined (x,y,z and Uiso). The 

remaining hydrogen atoms were included using a riding model.  
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Least-squares analysis yielded wR2 = 0.1132 and Goof = 1.027 for 274 variables refined against 

3814 data (0.825 Å), R1 = 0.0386 for those 3054 data with I > 2.0σ(I). 

Crystallographic Information for 1,4-btmgbH2(HCO3
–)2 

A colorless crystal of approximate dimensions 0.082 x 0.201 x 0.228 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer system. The APEX224 

program package was used to determine the unit-cell parameters and for data collection (90 

sec/frame scan time). The raw frame data was processed using SAINT25 and SADABS26 to yield 

the reflection data file. Subsequent calculations were carried out using the SHELXTL27 program 

package. The diffraction symmetry was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/n that was later determined to be correct. 

Refinement Details 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques. The analytical scattering factors28 for neutral atoms were used throughout the analysis. 

Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso). The 

molecule was located about an inversion center. There were two molecules of bicarbonate anion 

present.  

Least-squares analysis yielded wR2 = 0.1008 and Goof = 1.046 for 200 variables refined against 

3242 data (0.70 Å), R1 = 0.0402 for those 2503 data with I > 2.0σ(I). 

Crystallographic Information for 1,4-btmgbH2(HCO3
–)2·(H2O)2 

A colorless crystal of approximate dimensions 0.097 x 0.139 x 0.192 mm was mounted in a 

cryoloop and transferred to a Bruker X8 Prospector diffractometer system. The APEX329 program 
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package was used to determine the unit-cell parameters and for data collection (2 sec/frame scan 

time). The raw frame data was processed using SAINT25 and SADABS26 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL27 program package. There 

were no systematic absences nor any diffraction symmetry other than the Friedel condition. The 

centrosymmetric triclinic space group P-1 was assigned and later determined to be correct.  

Refinement Details 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques. The analytical scattering factors28 for neutral atoms were used throughout the analysis. 

Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso). The 

molecule was located about an inversion center. There were two molecules of water present.  

Least-squares analysis yielded wR2 = 0.0874 and Goof = 1.094 for 218 variables refined against 

2089 data (0.83 Å), R1 = 0.0321 for those 1871 data with I > 2.0σ(I). 
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Table 1.2: Compiled Crystallographic Data 

 1,4-btmgbH2 

[PF6]2 

1,4-btmgbH 

[PF6] 

1,4-btmgbH2 

(HCO3
–)2 

1,4-btmgbH2 

(HCO3
-)2·(H2O)2 

Empirical 

formula 

[C16 H30 N6] [F6 P]2 [C16 H29 N6] [PF6] 

 

[C16 H30 N6]  

[C H O3]2 

[C16 H30 N6]  

[C H O3]2 (H2 O)2 

Formula weight 596.40 450.42 428.49 464.53 

Temperature 

[K] 

133(2) K 93(2) 93(2) K 92(2) K 

Wavelength 0.71073 Å 1.54178 0.71073 Å 1.54178 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 

Space group 

(number) 

P21/c P21/c P21/n P-1 

a [Å] 10.7063(5) 13.5006(10) 9.7836(14) 7.9540(9) 

b [Å] 8.9270(4) 11.7654(9) 8.1140(12) 9.1652(11) 

c [Å] 12.8565(6) 14.5989(11) 13.4892(19) 9.2032(11) 

α [°] 90 90 90 87.747(6) 

β [°] 99.4282(8) 116.210(4) 96.738(2) 66.175(5) 

γ [°] 90 90 90 69.028(5) 

Volume [Å3] 1212.16(10) 2080.5(3) 1063.4(3) 568.71(12) 

Z 2 4 2 1 

ρcalc [Mg cm-3] 1.634 1.438 1.338 1.356 

μ [mm-1] 0.290 1.800 0.101 0.899 

F (000) 612 944 460 250 

Crystal size 

[mm3] 

0.305 x 0.283 x 

0.124 

0.154 x 0.127 x 

0.118 

0.228 x 0.201 x 

0.082 

0.192 x 0.139 x 

0.097 

Crystal color colorless colorless colorless colorless 

2θ range [°] 1.928 to 30.990 3.649 to 69.128 2.441 to 30.544 5.208 to 68.832 

Index ranges -15 ≤ h ≤ 15, -12 ≤ k 

≤ 12, -18 ≤ l ≤ 18 

-15 ≤ h ≤ 16, -14 ≤ k 

≤ 14, -17 ≤ l ≤ 17 

-13 ≤ h ≤ 13, -11 ≤ k 

≤ 11, -19 ≤ l ≤ 19 

-9 ≤ h ≤ 9, -11 ≤ k ≤ 

11, -11 ≤ l ≤ 11 

Reflections 

collected 

29110 35044 25041 28347 

Independent 

reflections 

3703 [R(int) = 

0.0338] 

3814 [R(int) = 

0.0617] 

3242 [R(int) = 

0.0527] 

2089 [R(int) = 

0.0475] 

Completeness 

to θ = 25.242° 

100.0% 98.7% 100.0% 99.6% 

Data / 

Restraints / 

Parameters 

3703 / 0 / 223 3814 / 0 / 274 3242 / 0 / 200 2089 / 0 / 218 

Goodness-of-fit 

on F2 

1.025 1.027 1.046 1.094 

Final R indexes 

[I≥2σ(I)] 

R1 = 0.0311,  

wR2 = 0.0760 

R1 = 0.0386,  

wR2 = 0.1037 

R1 = 0.0402,  

wR2 = 0.0916 

R1 = 0.0321,  

wR2 = 0.0847 

Final R indexes  

[all data] 

R1 = 0.0396,  

wR2 = 0.0805 

R1 = 0.0504,  

wR2 = 0.1132 

R1 = 0.0614,  

wR2 = 0.1008 

R1 = 0.0358,  

wR2 = 0.0874 

Largest 

peak/hole  

[eÅ – 3] 

0.426 and -0.336 0.258 and -0.381 0.353 and -0.213 0.244 and -0.202 
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Ruthenium PNP Pincer Complex 
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2.1: Introduction 

As the Carnot limit does not constrain electrochemical reactions, a growing number of 

electrochemical CO2 capture and concentration (eCCC) methods have been explored over the last 

several decades.1,2 While an expansive library of homogeneous transition metal (TM) catalysts has 

been investigated for the catalysis of CO2 to value-added products, to date, there are only a few 

examples of TM complexes that have been used as redox carriers for eCCC.2,3 A key study on 

mononuclear complexes by DuBois et al. discussed in Chapter 0 (Figure 0.3) examined the 

relationship between the distance of a CO2 binding site on a ligand to the redox-active metal center. 

1,4 Despite being unsuccessful in presenting a TM complex that can electrochemically cycle 

between CO2 capture and release, the study does highlight the importance of a smaller atom 

distance of the CO2 binding site to the transition metal center. The question is now raised: if another 

TM complex with a one atom or “closer” distance to the binding site were studied, could that 

compound be successful in electrochemically cycling CO2? The many potential combinations of 

transition metal centers and ligand modifications can provide great tunability for possible CO2 

carriers, which has yet to be fully explored. With the scarcity of TM complexes for eCCC there is 

an untapped opportunity to systematically expand the scope of TM and ligand combinations for 

eCCC. 

In 2012, Milstein and 

coworkers reported the reversible 

nature of CO2 binding to a RuII-

PNP pincer complex.5 The study 

details the activation of CO2 by 

metal-ligand cooperation (MLC) at Scheme 2.1: The proposed eCCC cycle for Ru(II)-PNP 

complex 2, after deprotonation from 1.10 
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ambient conditions, with CO2 binding via a Ru–O bond and a C–C bond formed between CO2 and 

the deprotonated benzylic arm of the ligand (Scheme 2.1, top row). Removal of CO2 was observed 

when the bound complex (2’) was dissolved in benzene under reduced pressure. Additionally, they 

reported that when the 13C labeled CO2 bound complex was exposed to excess unlabeled CO2 in 

solution, CO2 exchange readily occurred, as observed by 13C NMR spectroscopy. Considering the 

atom distance to the CO2 binding site as presented by DuBois, the binding of the CO2 to Ru-PNP 

via MLC could be the key “closer” than one atom distance TM complex, which may facilitate 

eCCC. 

The electrochemical properties of the CO2-bound and CO2-unbound species have yet to be 

studied, but they have the exciting potential to be a springboard for studying a family of TM 

complexes for eCCC (complete Scheme 2.1). Computational results could guide the experimental 

direction in identifying and designing a TM complex for eCCC. Preliminary calculations of the 

deprotonated Ru-PNP complex showed promising energy differences between the RuII CO2 bound 

(2’) and unbound (2) states versus the RuIII CO2 bound (3’) and unbound states (3). Expanding the 

metal centers used and exploring various substitutions on the ligand scaffold would provide 

information on how to better tune the 

CO2 carrier ability of TM complexes. 

2.2: Results (Section 2.2.1 was 

performed by Dr. Daniel Bim and Dr. 

Zisheng Zhang, Alexandrova Group, 

UCLA) 

2.2.1: Computational Studies 
Figure 2.1: Energy level diagram of computed energies 

between the Ru(II) affinity to CO2 compared to Ru(III). 
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The RuII-PNP pincer complex, bound and unbound to CO2 

at varied oxidations, was studied in the low spin state using density 

functional theory (see details in Experimental Section 2.5). From 

the calculated free energies of each species, the binding energies to 

CO2 were found to be -13.9 kcal/mol for the reduced complexes 2 

→ 2’ and +7.6 kcal/mol for the oxidized complexes 3 → 3’ (Figure 2.1). The redox potential for 

the CO2 unbound species, 3 → 2, was calculated to be -0.9 V vs Fe(C5H5)2
+/0 in THF, using a value 

E°abs = 5.17 eV for the references of the Fe(C5H5)2
+/0 redox couple in THF.6 Following the initial 

computational findings, the parameters were expanded to study variable substitution around the 

pincer ligand (Figure 2.2 and 2.3) and with different metal centers (Figure 2.4). 

2.2.2: Experimental Evaluation of the Electrochemical Capture of CO2 by Ru-PNP  

Synthesis of the RuII-PNP pincer complex [Ru(PNP)tBu)(Cl)(CO)(H)] (1), the 

deprotonated (dearomatized*) [Ru(PNP)tBu*)(CO)(H)] (2), and the CO2 bound [Ru(PNP)tBu-

COO)(CO)(H)] (2’) were achieved following literature procedures (Scheme 2.1).5  

Figure 2.2: The various 

substitution positions tested 

around complex 2. 

Figure 2.4: The energy relationships of different transition metal centers in the pincer complex. 

Figure 2.3: The energy relationships of the pincer complex at various sites of substitution. 
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Attempts at chemically isolating the oxidized RuIII complex 3 from 2 were unsuccessful. 

Oxidants [Fe(C5H5)2][BF4], AgBF4, and NOBF4 were used to no avail, resulting in a decomposed 

mixed product. Directly metalating the PNP ligand by RuIIICl3(H2O)3 also did not result in the 

desired oxidized product.  

The electrochemical properties of complexes 2 

and 2’ were studied in THF with 100 mM TBAPF6. The 

deprotonated 2 has an E1/2 for the RuIII/II (3 → 2) electron 

couple centered at -0.606 V vs Fe(C5H5)2
+/0 (referenced 

from [Co(C5H5)2][PF6] or Cc+/0, at -1.4 vs Fe(C5H5)2
+/0). 

Variable scan rate experiments demonstrate diminished 

reversibility at scan rates below 250 mV/s with the loss 

of the return reduction feature (Figure 2.5, Table 2.1). The CO2 bound complex 2’ has an 

anodically shifted E1/2 for RuIII/II (3’ → 2’) at 0.264 V vs Fe(C5H5)2
+/0. In contrast to the 3/2 couple, 

the 3’/2’ redox event maintains reversibility at slower scan rates until 10 mV/s (Figure 2.6, Table 

2.2). A wider scan window, as seen in Figure 2.7, demonstrates how the 3/2 couple is not shown 

Figure 2.6: CVs of CO2 bound Ru-PNP (3’/2’) 

in THF with 0.1 M TBAPF6 at varied scan 

rates. See Table 2.2 for respective ia/ic vs scan 

rates. 

 

Figure 2.5: CVs of deprotonated Ru-PNP (3/2) in 

THF with 0.1 M TBAPF6 at varied scan rates. See 

Table 2.1 for respective ia/ic vs scan rates. 

Table 2.1: ia/ic vs Scan rates for 3/2 

scan rate 

(mV/s) ic (μA) ia (μA) 

1000 7.242 -7.013 

500 5.289 -4.533 

250 3.905 -1.996 

100 2.857 -1.255 

50 2.238 -0.960 

 Table 2.2: ia/ic vs Scan rates for 3’/2’ 

scan rate 

(mV/s) ic (nA) ia (nA) 
50 54.83 -54.66 

25 36.67 -32.53 

10 24.15 -15.37 

5 16.50 -7.547 
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to reappear after the oxidation of 2’. Additional oxidation and reduction peaks between 0.3-0.7 V 

vs Fe(C5H5)2
+/0 in THF are attributed to ligand-based redox events of the aromatic PNP. After 

accessing more anodic potentials of the ligand peaks, the observed RuIII/II redox couple loses 

reversibility due to irreversible changes to the complex (Figures 2.7 and 2.8).  

In addition to electrochemical studies in THF, CVs were also taken in fluorobenzene to 

observe if a more nonpolar solvent would affect the redox potentials. In fluorobenzene, the 

deprotonated (3/2) has a RuIII/II couple at E1/2 at -0.458 V vs Fe(C5H5)2
+/0. The CO2 bound (3’/2’) 

RuIII/II redox couple is at 0.336 vs Fe(C5H5)2
+/0. 

Experiments to observe CO2 release from complex 2’ included sparging the solution with 

argon gas after in situ generation of 2’ from 2 by CO2 sparging. Separate chemical generation of 

2’ was also probed. At the slowest CV time scale, the expected unbound couple 3/2 is not observed. 

Controlled oxidative electrolysis of a solution of complex 2’ did not regenerate 2, but rather 

decomposed the solution mixture (Figure 2.9), explored further in the following experiments. 

Figure 2.8: Ru-PNP 2 and 3 both at 500 mV/s in 

conc. of 1 mM in THF with 100 mM TBAPF6. 

Depending on the anodic window, they lose the 

return reduction peak. Yellow star is of 2/2’ and 

green star is of 3/3’ – additional peaks past 500 mV 

have been assigned as ligand peaks. 

 

 
Figure 2.7: Ru-PNP 3 scanned at 1000 mV/s 

in concentrations of 1 mM in THF with 100 

mM TBAPF6, variable window. This 

illustrates how the anodic window effects the 

reduction peak. 
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To encourage CO2 release, a solution of 2’ was heated gradually to 60 °C and monitored 

using cyclic voltammetry. The oxidation feature assigned for 2’ is seen to decrease in intensity 

over time, while an oxidation feature for the unbound 2 is seen to grow (Figure 2.10). The solution 

changes from yellow to a dull green, corroborating the generation of 2, which is deep blue. An 

additional unassigned oxidation peak at 9.5 mV vs Fc+/0 is present throughout the experiment. 

Should heating allow for the conversion of 3 to the CO2-unbound 2, it does suggest CO2 release 

but without electrochemical oxidation of 3. 

Additional experiments with 

ultraviolet-visible (UV-Vis) 

spectroscopy were performed to probe 

the system. Spectroelectrochemical 

(SEC) UV-Vis experiments of 2 upon 

oxidation from RuII to RuIII exhibit the 

growth of a peak at 275 nm with a 

concomitant decrease in the peak at 311 

 

Figure 2.9: CVs of CO2 bound Ru-PNP (3/3’) 

before and after controlled oxidation. 
Figure 2.10: Ru-PNP 3 scanned without 

heating and after heating up to 60 C. 500 mV/s 

in THF with 100 mM TBAPF6. 

Figure 2.11: SEC UV-Vis experiment of 

deprotonated RuII (2) being oxidized to RuIII (3). 
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nm (Figure 2.11). The addition of CO2 to 2 to form the CO2-bound 2’ causes the prominent peak 

at λmax = 311 nm to diminish but with a broad peak at λmax = 330 to take form (Figure 2.12, purple 

trace). UV-vis spectra were taken before and after controlled oxidation in an H-cell for both 2 and 

 

Figure 2.12: UV-Vis spectra of compounds 2 and 2’ before and after controlled oxidation. 

 

Figure 2.13: IR absorbance spectra of 2 and 2’. 
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2’ (Figure 2.12). The oxidation of 2 (red trace) to 3 (dark blue) follows a similar pattern to that 

seen in the SEC UV-vis experiment. Oxidation of 2’ (purple trace) results in a different spectrum 

(yellow trace), indicating a possible loss of CO2. In addition, as the trace of oxidized 2’ does not 

match 3, the resulting spectrum may show a transformation to the potential generation of 3’. 

Sparging the solution of the possible oxidized species 3 with CO2 does not show any change in the 

spectrum (Figure 2.12, light blue trace) which may suggest a lack of CO2 affinity in the RuIII if 

the oxidation was successful.  

To further probe whether CO2 is lost upon oxidation, infrared (IR) spectra were taken of 2, 

2’, and the oxidized solution 3’ (Figures 2.13, 2.14, and 2.15). A diagnostic absorption at around 

1635 cm-1 for the carboxylate is observed in a solid sample of 2’, at 1634 cm-1 in a solution of 2’ 

and electrolyte solution, but not in the solution after oxidative electrolysis (Figure 2.14). IR spectra 

 

Figure 2.14: FT-IR absorption in the 

carboxylate region before and after oxidative 

electrolysis of 2’. 

 

 

Figure 2.15: FT-IR absorption in the carbonyl 

region before and after oxidative electrolysis 

of 2’. Observed loss of CO ligand. 
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of 2 and 2’ display strong absorptions at 1907-1914 cm-1 indicative of the carbonyl ligand, while 

the oxidized solution (3’) no longer maintains this absorption (Figure 2.15). This data suggests 

CO2 is released upon oxidation and that this process is concomitant with decomposition of the 

compound. The decomposition of the oxidized complex is consistent with our unsuccessful efforts 

to chemically isolate this species. 

Other observations made on this system include a color change of compound 2 from its 

deep blue color to yellow when dissolved in MeCN, potentially indicating coordination of MeCN 

to the complex. While the E1/2 potentials for 3/2 indicate air stability, as they are positive of the 

O2/O2
- couple, the compound displays decomposition in the NMR and by an obvious color change 

from blue to brown upon exposure to air, potentially due to reactivity of the hydride or water 

sensitivity. The CO2-bound complex 2’, which is a beige solid, was not immediately soluble in 

pentane. However, it was observed when 2’, under a nitrogen atmosphere in a glove box, was 

allowed to sit in pentane over the course of 20 minutes, the complex transformed back to 2 as 

evidence by the formation of a deep blue solution, indicating CO2 release.  

2.3: Discussion 

Ultimately, the isolation of the oxidized RuIII complexes through either chemical or 

electrochemical generation would help probe the CO2 affinity. Unfortunately, to the best of the 

author's knowledge, there is no literature precedence of RuIIIPNP complexes. The ligand 

environment plays a crucial role in the stability of either the RuII or RuIII metal center, with 

imidazole-type ligands stabilizing RuIII centers as a π-donor compared to pyridine-type ligands, 

which stabilize RuII by being a π-acceptor.7–10 More acidic environments are known to stabilize 

RuIII which may be why the RuIII/II (3’/2’) couple in the CO2 sparged THF solution remains more 

reversible at slower scan rates compared to the RuIII/II-dearomatized/unbound  (3/2).11–13 These 
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observed characteristics of RuIII may also explain why attempts to oxidize 2 and isolate 3 have 

been unsuccessful as 2, the Ru-PNP catalyst activated form, is relatively basic with a pKa of 20.2 

in THF for the double bonded carbon on the arm of the ligand.14 Additionally, in THF, the CO2 

bound complex 2’ has been reported to have a ligand pKa of 24.6, a notable ~4 unit increase as a 

6-coordinate complex. The free PNP ligand has pKa of 28.6, illustrating how the Ru metal center 

facilitates the acidity of the ligand.14 The PNP pincer ligand scaffold is also not redox innocent and 

can be oxidized.15,16 

The shift of 0.87 V for the E1/2 couple between 3/2 and 3’/2’ in THF with CO2 is consistent 

with the preliminary computational studies that describe CO2 binding in this system. From this 

electrochemical potential shift, an estimation of the CO2 binding constant can be calculated from 

the following Equation 2.1:  

(2.1) ∆𝐸 = 𝑞
0.0592

𝑛
log[𝐶𝑂2] + 

0.0592

𝑛
log(𝐾𝐶𝑂2) 

For 2 in THF, the binding constant is found to be logKCO2 = 15, (converted to approximately 

-20.5 kcal/mol). In fluorobenzene, the electrochemical potential shift is 0.79 V, which correlates 

to a smaller binding constant of about logKCO2 = 13 (approximately -17.7 kcal/mol). These values 

can be compared to the calculated CO2 binding, 2 → 2’, which has been calculated to be favorable 

for RuII by -13.9 kcal/mol. Based on the computational studies, release of CO2 is expected to also 

be favorable by -7.6 kcal/mol upon oxidation, or 3’ → 3 (Figure 2.1). 

CO2 liberation is not observed upon electrochemical oxidation, despite the thermodynamic 

favorability of CO2 release. This kinetic inertness is supported by calculations that suggest a large 

activation energy for CO2 desorption from the bound RuIII complex. This observation aligns with 

other literature sources indicating the less reactive nature of RuIII complexes compared to RuII.17 
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Additionally, the stability of the CO2 bound complex 2’ is due to the re-aromatization of the 

complex when CO2 bound. Regeneration of complex 2 from 3 requires de-aromatization of the 

system, which is energetically unfavorable. Another reason that 2 is difficult to regenerate is that 

decomposition is observed throughout the electrochemical experiments. 

To address the issues of regenerating 2, computational findings suggest the addition of an 

electron-withdrawing group (EWG) to the ligand aromatic ring to encourage de-aromatization 

(Figure 2.3). In general, the electronic effects from the variable substitutions computationally 

tested around the pincer ligand, found that in the aromatic system (Figure 2.2, sites: 1, 2, and 3) a 

linear trend and shift with both binding energies and redox potentials. At substitution sites 4 and 

5, not in the aromatic system, shifts were only seen in the redox potential. At site 0 of CO2 binding, 

the direct steric effect of the different substituents breaks the linear scaling relationship. In addition 

to ruthenium, of the other transition metal complexes computationally surveyed, only osmium 

shows favorable energetics with a positive ∆G for the CO2-bound complex in the oxidized Os (III) 

state (Figure 2.4).  

2.4: Conclusions 

Unfortunately, a Ru-PNP complex known to bind CO2 via MLC could not be driven to 

electrochemically cycle CO2 despite promising initial computation results. FT-IR spectra of the 

oxidized CO2-bound complex suggest the release of CO2 and decomposition. With many factors 

still unknown about this system, future studies will aim for more systematic testing of the 

parameters of CO2 binding and release. Future directions will entail characterizing all possible 

intermediates in the binding and release of CO2. Of the intermediates of interest, this will include 

attempting to isolate and study the paramagnetic RuIII-CO2 bound (3’) complex and examining its 

binding or lack thereof to CO2. In addition, the experimental exploration of derivative with 
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different ligand, ligand substitutions, and metal centers can also shed light on the CO2 binding and 

release ability by MLC of TM redox carriers. With collaborative efforts with computational 

chemists, we hope to be able to identify and create a working TM redox carrier for electrochemical 

CO2 cycling. 

2.5: Experimental 

Computational Methods: All of the calculations were carried out using the Turbomole 6.6 

program.18 The structures were optimized using the TPSS functional19, the hybrid basis set (def2-

TZVP for the Ru and all of the ligating atoms; def2-SVP for the rest of the system)20, and the zero-

damping dispersion correction (D3)21. The effect of solvation on geometry optimizations was 

included by employing the implicit conductor-like screening model (COSMO)22 with a dielectric 

constant of ε = 4. The calculations were accelerated by resolution-of-identity approximation (RI).23 

The variations in the ligand substitution and metal centers used the following theoretical method 

details. Geometry and frequency: B3LYP-D3(BJ)/def2-SVP, solvation-free energy: uESE, 

electronic energy where hybrid GGA: PBE0-D4/def2-TZVPP, hybrid meta-GGA: ωB97M-

V/def2-TZVPP, and double hybrid: PWPB95/def2-TZVPP.  

Synthesis and Materials 

General Methods: Synthetic work was carried out under a dinitrogen (N2) atmosphere with 

standard Schlenk techniques or in a glovebox where noted. All solvents and reagents were 

purchased from commercial vendors and used without further purification unless otherwise noted. 

Deuterated tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO) used for NMR characterization 

were purchased from Cambridge Isotope Laboratories, Inc., and were degassed via 

free−pump−thaw and stored over activated 3 Å molecular sieves. Tetrabutylammonium 
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hexafluorophosphate (TBAPF6) was purified via recrystallization from ethanol and dried under a 

heated (80 °C) vacuum (1 × 10−3 Torr) and stored in a glovebox. Experiments using carbon dioxide 

(CO2) atmospheres were performed using ultrahigh purity (99.999%) CO2, which was additionally 

passed through a purification column to eliminate residual H2O, O2, CO, halocarbons, and sulfur 

compounds. 

The following compounds were synthesized in accordance with preparation found in the 

referenced literature. Ru(PNP)tBu)(Cl)(CO)(H) (1)5, Ru(PNP)tBu*)(CO)(H) (2)6, Ru(PNP)tBu-

COO)(CO)(H) (3)6 

Electrochemical Methods: Electrochemical experiments were carried out under an atmosphere 

of N2 or CO2, where indicated. Solutions for electrochemical measurements were recorded in THF 

or fluorobenzene using 100 mM TBAPF6 or 100 mM KCl as the supporting electrolytes, 

respectively. Cyclic voltammetry (CV) was performed with a Pine instrument WaveDriver 10 

potentiostat. When specified, cobaltocenium hexafluorophosphate or ferrocene was used as an 

internal standard, and potentials were referenced to the ferrocenium/ferrocene (Fe(C5H5)2
+/0) 

couple. Between CV scan, the working electrode was polished in a figure eight pattern with an 

alumina slurry (0.05 um) on a microcloth (2.875 in, PSA backed). Controlled potential electrolysis 

experiments were performed stirred in a custom H-cell with the working and the counter cells 

divided by a porous glass frit. In the working compartment, carbon fabric was used as the working 

electrode and SCE as the reference. A glassy carbon rod was used as the counter electrode on the 

counter side cell. UV−visible spectroelectrochemistry (UV−vis SEC) was performed using a 

UV−vis SEC kit from Pine Instruments with a Pt working/counter electrode and Ag wire as a 

pseudo reference electrode.  
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Physical Methods: Ultraviolet-visible (UV–vis) spectra were collected in a 10 mm or 1 mm 

pathlength quartz cuvette, using an Agilent Technologies Cary 60 UV–vis spectrometer. UV-

visible spectroelectrochemistry experiments were conducted in a commercially available UV-vis 

spectroelectrochemistry kit from Pine Instrument with Pt working/counter electrode and Ag wire 

as a pseudo reference electrode. CO2 monitoring was performed on a CM-0111 gas sensor kit CM-

0111 by CO2Meter with the software GasLab. Fourier Transform Infrared (FTIR) spectra were 

collected by using a Thermo Scientific Nicolet iS5 FTIR Spectrometer with iD5 diamond ATR. 

1H, and 13C{1H} NMR spectra were recorded at 500 MHz on Bruker or 600 MHz Varian 

instruments. 1H NMR spectra chemical shifts are reported as δ values in ppm relative to residual 

protio solvent. 
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3.1 Introduction  

 A challenge towards achieving direct air capture (DAC) is the low concentration of CO2 

found in atmospheric mixes (0.04%). This low concentration of CO2 requires capture molecules 

with high CO2 binding affinity and selectivity. Amines are currently the most widely used 

molecules in DAC methods, with extensive experimental and theoretical research already being 

undertaken on their use as a CO2 capture agent.1,2 Primary and secondary amines react with CO2 

in a 2:1 stoichiometry to yield a carbamate salt. However, this stoichiometry limits their efficiency 

in absorbing CO2. The high basicity of amines (pKa2 > 20) means that their corresponding amide 

is generally not the most suitable for aqueous CO2 capture (pKa of water = 15.7).3 Where the pKa2 

discussed here is the second deprotonation of ammonium for primary and secondary amines 

(R1R2NH → R1R2N
−), as opposed to pKa1 (R1R2NH2

+→ R1R2NH). Given the very high 

concentration of H2O in the air, it would be beneficial that CO2 capture molecules are stable in 

aqueous and oxidizing environments.  

 The issue herein is that CO2 reacts as a Lewis acid, with the same mechanism as the binding 

of a proton. The challenge is tuning the Brønsted basicity of a molecule against protonation while 

maintaining sufficient Lewis base character for CO2 affinity in aqueous solutions. Alexandrova, 

Yang, and coworkers previously investigated alkoxide and phenoxide molecules, another class of 

CO2 sorbents, that would retain their CO2 binding affinity while not being protonated by water.3 

They employed an inverse molecular design technique, working backwards to identify various 

alkoxides and phenoxides that are sufficiently acidic and remain deprotonated in water while 

maintaining an affinity for CO2. In addition, they found that different mechanisms were favored 

for CO2 and proton binding to phenoxide sorbents when bulky substituents are present; CO2 

binding favors the second highest occupied molecular orbital (HOMO-1) to minimize steric clash. 
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Their work indicates that CO2 and proton affinity can be tuned separately and highlights the 

potential for uncovering molecules that can act as CO2 sorbents in aqueous environments.  

 This work begins with a 

computational examination of a 

library of carbenes to scope potential 

candidates for aqueous CO2 capture.  

Carbenes are organic molecules 

featuring a lone pair localized on a 

carbon atom, in this case, in the 

singlet ground state. Extensive 

computational and experimental 

research has already been 

undertaken on the ability of various 

carbenes as CO2 capture molecules, 

particularly N-heterocyclic carbenes 

(NHCs), the most widely available 

heterocyclic carbene.4–6 Our goal in 

this work is to assess the electronic and steric influence of substituents on carbenes in their ability 

to participate in CO2 capture (Figure 3.1). Gibbs free energy calculations were performed using 

an implicit solvent model to assess CO2 binding affinity and pKa’s of carbenes in water to find 

water-stable carbenes that retain CO2 affinity. 

While identifying water-stable carbenes is an attractive goal, it was also understood that 

the very alkaline nature of carbenes would mean that most carbenes would be prone to protonation 

Figure 3.1: Library of carbenes and R-groups 

computationally tested. 
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in water and, hence, not suitable for aqueous DAC. Another goal then emerged to study the more 

basic carbenes in organic solvents, dimethyl sulfoxide (DMSO) and acetonitrile (MeCN), to further 

expand the library of data in these solvents. Ji and coworkers have performed a comprehensive 

study into the relationship between CO2 binding energies and pKa values in DMSO, finding that 

the linear relationship between CO2 binding and proton affinity holds in most cases, with more 

basic carbenes acting best as CO2 absorbents.7 Studies of carbenes in non-aqueous solvents could 

open the door to using some carbene molecules in non-aqueous CO2 capture systems, with ionic 

liquids appearing to be a promising area of research.8–12 Furthermore, in non-aqueous solvents, the 

potential to capture CO2 and then perform an electrochemical conversion has been explored to 

circumvent the issue of protonation in water. Several recent publications have shown promising 

results in using organic solvents such as DMSO in direct CO2 capture and electrochemical 

conversion.13,14 Computational results in nonaqueous solvents found in this study were validated 

experimentally by monitoring the carboxylate formation among synthetically accessible N-

heterocyclic carbenes. 

3.2 Results and Discussion  

(Sections 3.2.1 and 3.2.2 are unpublished work performed by Samuel Greenbank under 

the supervision of Professor Anastasia Alexandrova) 

3.2.1 Computational Examination of Carbenes in Water 

A library of carbene molecules was tested for CO2 binding energy and pKa (Figure 3.1). 

The carbenes tested included previously mentioned N-heterocyclic carbenes (NHCs, Type 1), 

oxazolylidines (OXCs, Type 2), cyclic alkyl amino carbenes (CAACs, Type 3), cyclic amino aryl 

carbenes (CAArCs, Type 4), 1,2,4-triazol-5-ylidenes (TAZCs, Type 5), 5-membered 
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diamidocarbenes (5-DACs, Type 6), and 6-membered 

diamidocarbenes (6-DACs, Type 7). A selection of R 

groups were tested, including substituted phenyl rings 

containing electron-withdrawing and donating groups 

and a range of hydrogen bond donating groups. When CO2 binds to a carbene, it forms a charged 

carboxylate product, which carries a delocalized negative charge that is concentrated on the two 

oxygen atoms (Figure 3.2). The computational values for the pKa in water, and later for other 

solvents, is calculated using the dielectric constant of the solvents. This explains the computational 

values higher than 14 of the computed carbenes in water. We also considered hydrogen bonding 

interactions to stabilize the carboxylate formed upon CO2 binding. Yang and coworkers previously 

demonstrated how additions of alcohols were found to shift the trends for CO2 binding observed 

in a quinone system.15 Therefore, it was hypothesized that hydrogen bond donors near this 

negatively charged carboxylate group would stabilize and aid in CO2 binding.  

All carbenes bind CO2 primarily through a σ-

bonding mechanism between the HOMO of the carbene 

and the LUMO of the CO2. This was confirmed using 

localized bonding orbital and Mayer bond order analysis. 

This localized orbital with the highest Mayer bond order 

involved in binding to CO2, in the case of NHC 1W, can 

be seen in Figure 3.3. With no R-groups present, CO2 lies 

parallel to the heterocyclic ring, as seen by the potential 

energy scan (PES) for molecule 1W in Figure 3.4. 

However, R-groups on either side of the carbene can cause the CO2 to bind at intermediate angles. 

 

Figure 3.2: Addition of CO2 to a 

carbene (NHC) to give a carboxylate. 

 

Figure 3.3: Primary σ-bonding orbital 

involved in CO2 binding to a carbene. 

 

Figure 3.4: Potential energy scan 

(PES) of NHC 1W, showing the 

preferred CO2 binding of 0o. 
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How the various steric and 

electronic effects combine to 

produce the intermediate binding 

angles seen is not yet fully 

understood.16 All carbenes studied 

generally follow the expected 

linear relationship between CO2 

binding and pKa when tested in 

water (Figure 3.5). 

Among the substituents 

tested for each carbene group, substituents that strayed farther above the trendline could be 

attributed to being bulky in nature, which caused the CO2 to bind closer to a perpendicular angle. 

These groups include t-butyl (J), adamantyl (K), and t-butyl alcohol (S). The R-groups of carbenes 

that lie below the trend line generally possess hydrogen bond donor groups. These groups include 

diisopropyl benzene substituted with an -OH or -NH2 groups (D2, D3), methanol (O), and ethanol 

       

Figure 3.5: Graph of pKa vs. CO2 binding energy for all 

molecules tested in water. 

Figure 3.6: QTAIM displaying the hydrogen bonding interactions of molecules; (A) 1O, (B) 1D2, (C) 

6D2. 
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(P) substituents. Quantum theory of atoms in a molecule (QTAIM) analysis of these molecules 

confirmed the presence of hydrogen bonds between the R-groups and bound CO2 (Figure 3.6).  

Of the carbene types tested, the only ones to have variations at pKa values lower than water 

(pKaw = 15.7, the rational value described by Brønsted) were diamidocarbenes with ring sizes of 5 

(5-DACs, Type 6) and 6 (6-DACs, Type 7). Diamidocarbenes feature two carbonyl groups in the 

carbene ring framework, which are electron-withdrawing. 

Therefore, 5- and 6-DACs possess a lower electron density 

at the carbene carbon, making them less susceptible to 

protonation.17,18 The decreased electron density at the 

carbene carbon will also cause a marked effect on CO2 

binding through the same mechanism as proton 

binding. Figure 3.7 shows the 5-DACs (Type 6) R-groups 

with a pKa lower than water. The majority are phenyl 

derivatives, often containing electron-withdrawing groups. 

This decreases the Lewis basicity at the carbene carbon, 

which scales with the decreased pKa observed.  

3.2.2 Computational Examination of Carbenes in Non-Aqueous Solvents 

Due to the basic nature of carbenes, most are not suitable for aqueous CO2 capture systems. 

Therefore, we tested the most basic carbene families in aprotic organic solvents DMSO and MeCN. 

The families tested were NHCs (Type 1), OXCs (Type 2), CAACs (Type 3), and CAArCs (Type 

4). The carbenes tested showed generally weaker CO2 binding in the organic solvents. This can be 

attributed to the fact that when CO2 binds, a zwitterionic carboxylate intermediate is formed. These 

are less stable in aprotic solvents of lower polarity than water hence the free energy of CO2 binding 

 

Figure 3.7: R-groups for 5-DACs 

(Type 6) found to have a pKa lower 

than that of water, whilst 

maintaining CO2 binding affinity. 

 

s A, D2, E, F, G, I, O)  
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is favored. Research from Denning and Falvey details how a more polar environment will lead to 

a shorter and stronger carbene–CO2 bond, and they suggest that lowering the polarity of the solvent 

will reduce the effect of electrostatic forces on the bond distance.16 

In MeCN and DMSO, the same linear trend between CO2 binding and pKa, as seen in water, 

develops again. This trend does not appear as strong, and this should be read with caution for two 

reasons: 1. A smaller pool of carbenes was tested; 2. While pKa calculations for water were 

calculated based on experimental data for carbenes in water, the lack of available data on carbenes 

in DMSO and MeCN meant that pKa calculations for these solvents were done using a range of 

generic organic acids and bases. Nonetheless, the general trend can still be seen, and the expected 

results for each NHC family based on the nucleophilicity of the carbene carbon are indeed 

observed.  

While CO2 binding energies do not vary much between the two solvents, the graphs in 

Figure 3.8 elucidate a lower pKa of the carbenes tested in MeCN compared to DMSO and water. 

This can be accredited to the difference in proton solvation-free energies for the various solvents. 

The proton solvation-free energies for water, DMSO, and MeCN are -266.4, -266.5, and -255.1 

 
Figure 3.8: A: Graph of pKa vs. CO2 binding energy for all carbenes tested in MeCN; B: Graph of pKa 

vs. CO2 binding energy for all carbenes tested in DMSO 
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kcal/mol.19 Hence, in MeCN, where proton solvation energy is highest, the proton stays bound to 

the carbene, leading to the higher basicity exhibited by the carbenes in acetonitrile. 

A similar trend to that seen in water regarding 

hydrogen bonding R-groups is displayed in DMSO and 

MeCN. The R-groups featuring hydrogen bond donors, 

including D2, D3, O, P, Q, and T, diverge below the trendline 

the most and have the lowest CO2 binding energies relative to 

pKa. They appear to diverge more in DMSO and MeCN than 

in water, suggesting a more pronounced hydrogen bonding, 

which is expected in a less polar environment (Figures 3.7 vs 

Figure 3.8).20 This is quantified in Table 3.1, where the 

strength of hydrogen bonds found between the bound CO2 and R-groups by QTAIM analysis is 

calculated using the empirically derived formula presented by Emamian and coworkers.21  

3.2.3 Experimental Examination of NHCs in Non-Aqueous Solvents 

To experimentally study CO2 binding in NHCs, the isolation of the reactive carbene species 

first had to be obtained (Scheme 3.1). Experimental attempts to determine CO2 binding were 

performed with 1C (R = mesityl) in DMSO. Two methods were tested to assess CO2 binding. The 

Table 3.1: Table of hydrogen 

bond strengths between CO2 and 

R-groups in (a) 1D2 and (b) 1O.  

(a) Type 1D2 

Solvent Hydrogen Bond 

Strength 

(kcal/mol) 

Water -70.196 

MeCN -73.096 

DMSO -70.620 

(b) Type 1O 

Solvent Hydrogen Bond 

Strength 

(kcal/mol) 

Water -77.826 

MeCN -94.344 

DMSO -97.390 

 

  
Scheme 3.1: Naming convention used and general synthesis between the imidazolium (pre-Type 1), 

NHC (Type 1), and imidazolium carboxylate (Type 1-CO2). See section 3.4 Experimental for details. 
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first method involved using a gas syringe to inject mole equivalents of gaseous CO2 into a 10 mM 

solution of 1C in deuterated DMSO to monitor CO2 binding via 1H NMR spectroscopy. Significant 

shifts in the 1H NMR spectra were not observed until approximately 2 equivalents of CO2 gas were 

added (Figure 3.9). The second method involved sparging the carbene solution with a gas mixture 

of CO2 at different ratios with N2 and various lengths of time and then monitoring the conversion 

of 1C in MeCN and DMSO via 1H NMR and UV-Vis spectroscopy (Figures 3.10–3.13). This 

method determines the percentage of CO2, which would not fully convert the carbene to 

carboxylate at the point of equilibrium. This observed gas ratio of CO2 to N2 could then be 

converted to a logKCO2.  

Lower concentrations of CO2 in N2 are slower to react with the carbene to form the 

carboxylate. Ratios of 1% CO2 (observed with 1H NMR, Figures 3.10–3.11) down to 0.01%  

 

Figure 3.9: 1H NMR spectra showing the progression of carboxylate formation after additions of CO2 

titrated into a NMR tube containing a 10 mM solution of 1C in DMSO-d6. 
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Figure 3.10: 1H NMR spectra in DMSO-d6 of 10 mM 1C, taken at 5-minute intervals after sparging 

0.1 % CO2 in N2 into the solution Complete conversion was observed after 20 minutes. 
 

 

Figure 3.11: 1H NMR spectra in DMSO-d6 of 10 mM 1C with increasing percentages of CO2 after 5 

minutes from addition. Arrows highlight the beginning of carboxylate formation. 
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Figure 3.12: 1 mM of 1C sparged with N2, 0.15% CO2 then N2 again demonstrating irreversible binding 

of CO2 in the observed increase absorbance of features between 230-280 nm. 

 

 

 

Figure 3.13: 1 mM solution of 1C in the 250-280 nm region demonstrating that binding occurs at CO2 

concentrations as low as 0.01%. 
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(monitored by UV-Vis, Figures 3.12–3.13) could easily react to 1C to form the carboxylate. This 

indicates ease in capturing CO2 at DAC levels of 0.04% CO2 and is in good agreement with the 

computation binding energy of -6.463 kcal/mol (DMSO) and -8.534 kcal/mol (MeCN). These 

values are compared to sources indicating that the minimum work energy to separate CO2 via DAC 

methods is ∆G = 21 kJ/mol (5.0 kcal/mol), or the compound should have a logKCO2 above 5.0 (∆G 

= -6.8 kcal/mol) in DMSO and 5.5 (∆G = -7.5 kcal/mol) in MeCN.15,22 

The corroboration of the experimental observation of CO2 binding to the computational 

data was promising. However, the difficulties monitoring the experimental binding energies for 

these reactive molecules brought us to shift our sights toward isolating and characterizing a subset 

of NHC carboxylates. The characterization data obtained from these NHC carboxylates were 

compared with the computational data to identify potential patterns and relationships. 

Synthetically accessible and commercially available NHCs, 

experimentally were converted to their carboxylate form and studied 

through 13C NMR spectroscopy.  A moderate correlation was found 

between the chemical shift of the carboxylate carbon (red carbon in 

Figure 3.14) and the calculated binding energy in DMSO-d6 (Figure 

3.15, A). A weaker correlation was also observed in MeCN (Figure 

3.15, B), with the difference in trend attributed to a weaker solvent 

interaction of MeCN to the NHCs.23,24  

Interestingly, NHCs with electron-donating alkyl groups t-butyl (J) and adamantyl (K), 

which would typically be more shielded and upfield, were found to be the more deshielded NHC 

carboxylates of the 13C NMR spectra for both solvents. There were difficulties in dissolving the 

carboxylated 1K in sufficient quantities for 13C NMR spectroscopy in CD3CN. Still, it can be 

 

Figure 3.14: Sites of 

NMR data collection, 

the carboxylate carbon 

(red) and the 

imidazolium backbone 

protons (pink). 
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interpolated that the compound would be downfield, close to 1J, as seen in the 1H NMR in CD3CN 

(Figure 3.16, B) and 13C NMR in DMSO-d6 (Figure 3.15, A). As 13C NMR chemical shifts tend 

to be less impacted by solvent effects and the electronic effects of the functional groups, this 

observation supports how the bulky and rigid geometry of the R-groups affect the more downfield 

shift of the carboxylate resonance. These would be the R-groups that contribute to rotating the 

torsion angle of the carboxylate closer to a perpendicular angle from the plane of the carbene. The 

carboxylate is pushed out of alignment from the rest of the molecule into a less favorable angle, 

 
Figure 3.15: 13C NMR chemical shift of the carboxylate carbon vs. CO2 binding energies. A: DMSO; 

B: MeCN. 
 

  
Figure 3.16:  1H NMR chemical shift values of the imidazolium backbone protons vs. CO2 binding 

energies. A: DMSO; B: MeCN. 
 



82 
 

resulting in the pi orbitals ceasing to be conjugated with the electron-donating effects of the 

aromatic imidazolium body, thus more deshielded. Looking at the proton resonances on the 

imidazolium ring (pink hydrogens in Figure 3.14) of the carboxylates, the 1H NMR spectra in 

DMSO-d6 (Figure 3.16, A) display more of the typically expected trends. The J and K type (bulky 

alkyl) R-groups interact with DMSO in such a way that they appear upfield along with the other 

alkyl groups (L, M, N). This effect can be attributed to a stronger interaction of the solvent DMSO-

d6 to the solute, being the carboxylate species, and 1H NMR spectra being more sensitive to solvent 

interaction compared to 13C NMR. In comparison, acetonitrile has less solvent interaction with the 

solute, even in more sensitive 1H NMR spectra.23,24 Accordingly, the 1H NMR spectra in CD3CN 

show a modest trend more similar to what is observed in 13C NMR spectra (Figure 3.15 B 

compared to 3.16 A and 3.16 B).  

On the other hand, comparing the aromatic R-groups methoxyphenyl (B), mesityl (C), and 

diisopropylphenyl (D1) displays a pattern in the 13C NMR spectra, where the bulkier aromatic 

groups (C and D1) tend toward being shifted more upfield and shielded (Figures 3.15 A and 3.15 

B). This trend may be seen as contradictory when considering general substituent bulkiness from 

the reported values for the percent buried volume (%Vbur) in gold(I) NHC complexes. Nonaromatic 

bulky t-butyl groups (J) has a %Vbur of 39.6%, adamantyl (K) at 39.8%, compared to the mesityl 

groups (C) of 36.5% and diisopropylphenyl group (D) of 45.4%.25,26 However, once it is 

considered how aryl groups can produce an electron-donating effect on the imidazolium body and, 

thus, on the carboxylate, effectively shielding the compound and pushing it more upfield, as seen 

with 1C and 1D. This effect leaves 1B, which is not as bulky as either 1J or 1K (assuming it is 

less bulky than 1C) and should be electron donating in nature by aryl groups with contributing 
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methoxy in the para position. However, the 1B carboxylate carbon is downfield close in value to 

1J and 1K, yet also on trend with its lower binding energy value. 

It is important to consider that these reported %Vbur values describe the NHC ligand as it 

coordinates to a gold(I) metal center and are taken from the X-ray data of the corresponding crystal 

structures. Thus, there are limitations, especially considering how the NHC carboxylates will exist 

in different conformations when dissolved freely in solution.25 Considering the anionic carboxylate 

group that has a preference to orient itself parallel to the imidazolium molecule, the variation in 

the steric bulkiness of R-groups (cyclohexyl L, %Vbur = 27.5 vs. adamantyl K, %Vbur = 39.8) 

would contribute to pushing it more perpendicular to the imidazolium and thus more downfield 

when observed by 13C NMR spectra. Perhaps the variability of the bulkiness allowed by the 

rotation of the aryl groups can explain how diisopropylphenyl (D1) is the bulkiest when observed 

by %Vbur but more shielding in nature, as seen in NMR spectra and promotes a stronger CO2 

binding energy. Compounds 1C and 1D1, due to the steric bulk in the ortho positions, would rotate 

in such a manner about the imidazolium body that allows the carboxylate to still align itself more 

parallel to the imidazolium. In comparison, groups J and K are isotropically bulky. Finally, 

considering 1B, with the less bulky para-methoxyphenyl groups, the molecule is possibly more 

inclined to orient the R-groups parallel to the imidazolium to maximize resonance with the aryl 

groups. In doing so, this would push the carboxylate more perpendicular, thus explaining the 

downfield shift observed in the 13C NMR spectra. A summary of the variants of Type 1 studied are 

listed in Table 3.2. 

In synthesizing the NHCs through carboxylation for study, 1J (R = t-butyl) proved to be 

one of the more challenging carbenes to react with CO2. Residual moisture from the direct streams 

of CO2 injected into the carbene samples was found to easily protonate 1J, while all other NHCs 
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did not have this issue. Ultimately, successful carboxylation of 1J was obtained by indirectly 

exposing a concentrated solution of 1J in THF to a dilute headspace of CO2, which was CO2 gas 

sparged to the general glove box atmosphere, allowing drier conditions for 1J carboxylate to 

precipitate out. It was also observed that 1J decomposed to the protonated imidazolium over 2-3 

days of storage in a N2 atmosphere glove box. This sensitivity to protonation aligns with the above 

trend nature of group J with a weaker CO2 binding energy but higher pKa computed. All the other 

carboxylated NHCs, when stored in less rigidly dry conditions (ambient, out of the glove box), 

were also prone to convert to the protonated imidazolium as well. 

Additional experiments were attempted on other functionalized NHCs. While obtaining 

analytically pure characterization data of the carboxylate form of these compounds was 

unsuccessful, they did provide enlightening observations. As the R-group Q (propanol) has been 

Table 3.2: Summary of Data for Type 1 compounds experimentally studied. 
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observed computationally to contribute to off-trend behavior, the imidazolium precursor for 1Q 

was a target that was successfully synthesized. However, direct deprotonation to the carbene 

proved difficult due to potential intramolecular protonation from the propanol groups. To bypass 

isolating the carbene intermediate, an attempt to carboxylate 1Q by simultaneously exposing a 

solution of the imidazolium (pre-1Q) with a strong base in THF resulted in a striking color change 

observed, where the original brown-colored oil turned into a clear solution which, when washed 

and dried down, resulted in a clear, viscous gel-like substance which was no longer soluble in 

DMSO as pre-1Q. 1H NMR spectra of the resulting product from CO2 exposure showed the 

disappearance of the imidazolium pre-1Q but no diagnostic peaks, indicating carboxylate 

production and with many resonances in the alkyl region (Figure 3.17). 

There was interest in studying 1E, an NHC on the weaker end in the range for CO2 binding 

(0.131 kcal/mol in DMSO and -0.266 in MeCN). However, attempts to synthesize the imidazolium 

 

Figure 3.17: 1H NMR spectra for 1Q in DMSO-d6; the synthesized pre-1Q (top) and the product post 

basic carboxylation (bottom). 
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(pre-1E) from the modified one-pot 

method for synthesizing pre-1B 

yielded 2,4,6,8-tetraazabicyclo-

[3.3.0]octane (Figure 3.18). The 

synthetic route toward 2,4,6,8-

tetraazabicyclo-[3.3.0]octane is 

similar to imidazolium, being a 

condensation from formaldehyde, 

glyoxal, and an amine.27 However the 

electron withdrawing nature of the 

pentafluoroaniline may have directed 

the reaction to proceed to the 2,4,6,8-tetraazabicyclooctane rather than the desired imidazolium.28 

An ideal reaction pH has also been reported for the formation of the 2,4,6,8-tetraazabicyclooctane; 

given the more acidic nature of pentafluoroaniline compared to 4-methoxyaniline, the conditions 

of the reaction solution may be a factor.27 This synthesis is the first reported for a 

pentafluoroaniline derivative 2,4,6,8-tetraazabicyclo-octane, with crystallography data confirming 

the structure now reported. While not a carbene, N-C-N systems, as seen in 2,4,6,8-

tetraazabicyclooctanes are of interest for studying the anomeric effects, structure, reactivity, and 

conformation behaviors.27,29–32  

3.3 Conclusions 

We have computed the CO2 binding energies and pKa values in H2O, DMSO, and MeCN 

for a library of heterocyclic carbene molecules featuring R-groups of varied steric and electronic 

properties. All molecules were first calculated in water before the most basic ones were calculated 

Figure 3.18: ORTEP structure of 2,4,6,8-

tetrakis(pentafluorophenyl)-2,4,6,8-tetraazabicyclo-

[3.3.0]octane, isolated in lieu of Type 1E. 
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in organic solvents DMSO and MeCN. Experimental data was collected on select NHCs in DMSO 

and MeCN to corroborate the computational data. 

 Computational results found several 5-membered diamidocarbenes (5-DACs) were found 

to have sufficiently low pKa values that would disfavor protonation in water and be able to 

participate in CO2 binding. These include carbene featuring mainly aromatic R-groups with 

electron-withdrawing properties, as well as R-groups containing hydrogen bond donors (Figure 

4B). The linear trend expected between pKa and CO2 binding affinity was generally seen in all 

carbene families in water. Carbenes featuring R-groups containing hydrogen bond donors, such as 

-OH and -NH2, were found to deviate the most from this trend, appearing below the trendline 

indicating a stronger CO2 affinity to pKa. Bulky alkyl groups t-butyl (J) and adamantyl (K) were 

seen above the trendline demonstrating sensitivity to protonation over CO2 affinity. A similar trend 

between pKa and CO2 binding affinity also seen for carbenes tested in DMSO and MeCN. The CO2 

binding energies were generally lower in these solvents due to the lack of stabilization of the 

zwitterionic product by the solvent. The order of carbene acidity in the solvents tested was 

generally seen to be pKa,DMSO > pKa,water > pKa,MeCN, and this was attributed to the relative proton 

solvation energies in each solvent. 

An observed trend between 1H and 13C NMR spectra of select carboxylated NHCs found 

that the characteristics of R-groups that contribute to the shifts upfield, more electron-donating, 

aligned with having a more negative binding energy for CO2. Exceptions to the trend from bulky 

alkyl groups J and K seem to fall along the trend in how they affect the molecule's geometry and, 

thus, the weaker binding affinity to CO2. The bulkiness of aryl groups, on the other hand, seemed 

to promote CO2 binding. Additionally, the conversion to the carboxylate product was demonstrated 

with compound 1C at low concentrations of CO2 within the DAC capture range.  
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This research informs future investigations into the use of carbenes as direct CO2 capture 

molecules. While carbenes may not be suitable for aqueous capture on a large scale, they may 

prove to be efficient capture molecules in other systems, such as ionic liquids. 

3.4 Experimental 

Computational Methods  

Geometry optimization and frequency calculations were performed using Gaussian 16 software.33 

Density functional theory was used for all calculations, utilizing a B3LYP functional and 

def2TZVP basis set. Optimization calculations were performed with a D3 correction to better 

account for dispersion interactions. Frequency calculations were done to obtain frequency values 

for each optimized geometry and ensure no imaginary wavenumbers were present. The vast 

majority of molecules optimized to ground states; however, some retained small imaginary 

frequencies, < 20 cm-1, despite being tried at several different geometries and using the VTight 

option for optimization. These molecules have been marked clearly in the supporting data and have 

not been considered during analysis. In this case, the implicit SMD model was used to account for 

the solvent, water. 

The Gibbs free energy of CO2 binding calculations was calculated using equation 1. Optimization 

and frequency calculations were simultaneously carried out using the SMD implicit solvent model. 

The sum of the electronic and thermal energies was obtained from the output file and used for the 

calculation.  

The pKa values were obtained using equations 2.1, 2.2, and 2.3. The first three terms of the Gibbs 

free energy equation (Eel + δGRRHO + δGsolv) were obtained from the sum of the electronic and 

thermal free energies in the output file of the opt freq calculations. The δG1atm→1M term is the 
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needed free energy to increase concentration from the gas phase to 1 M solution. This is a constant 

value set at 1.89 kcal mol-1.  

The Gibbs free energy of the NHC precursor and protonated NHC were calculated accordingly. 

The Gibbs free energy of a proton cannot be calculated through quantum mechanical methods, so 

it was calculated using thermodynamics and the Sackur Tetrode equation. Values of of Ho
(g)[H

+] = 

5/2RT kcal mol-1 and So
(g)[H

+] = 26.5 cal mol-1 K-1 were obtained. The Gibbs free energy of 

deprotonation was then calculated. The pKa values could then be calculated. Linear fitting based 

on experimental data was used to provide an equation that could be used to calculate theoretical 

pKa values. For water, experimental data for NHCs was used.34 For DMSO and MeCN, a lack of 

experimental data for carbenes in these solvents meant that pKa data for generic organic acids had 

to be used instead.35,36 

MultiWFN software was utilized for all molecular analysis, including QTAIM analysis, molecular 

orbital analysis, charge decomposition analysis, and Mayer bond order analysis.37 Avogadro 

software was used to build all molecules in order to obtain Cartesian coordinates, view optimized 

structures, and check imaginary frequencies.38  

Synthetic Methods 

General Method: Synthetic work was carried out in either ambient air or under a dinitrogen (N2) 

atmosphere in a glovebox where noted. All solvents and reagents were purchased from commercial 

vendors and used without further purification unless otherwise noted. Deuterated solvents used for 

NMR characterization were purchased from Cambridge Isotope Laboratories, Inc., and were 

degassed via free−pump−thaw and stored over activated 3 Å molecular sieves in an N2 atmosphere 

glovebox. Tetrabutylammonium hexafluorophosphate (TBAPF6) was purified via recrystallization 
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from ethanol, which was then dried under a heated (80 °C) vacuum (1 × 10−3 Torr) and stored in a 

glovebox. Experiments using carbon dioxide (CO2) atmosphere were performed using ultrahigh 

purity (99.999%) CO2, which was additionally passed through a purification column to eliminate 

residual H2O, O2, CO, halocarbons, and sulfur compounds. 

1,3-bis(4-methoxyphenyl)imidazolium (pre-Type 1B) followed procedures by Wan et al.39 

For 1,3-dicyclohexylimidazolium (pre-Type 1L) and 1,3-diethylimidazolium (pre-Type 1M), 

procedures by Barnett et al.40 

For 1,3-dihexylimidazolium (pre-Type 1N) and 1,3-di(3-hydroxypropyl)imidazolium (pre-

Type 1Q), modifications of procedures with imidazole and corresponding amines from Esposito 

et al.41 

Other imidazolium (carbene precursors) were purchased from sellers and used without further 

purification which are: 1,3-bis(4-chlorophenyl)imidazolium (pre-Type 1A), 1,3-di-tert-

butylimidazolium (pre-Type 1J) and 1,3-bis(1-adamantyl)imidazolium (pre-Type 1K). 

 

Deprotonation of the imidazolium precursor to the active carbene form was performed in a glove 

box under a dry nitrogen atmosphere. A standard procedure was used for the deprotonation step, 

closely following the method provided by Desens and Werner.42 

General Deprotonation Method: Select imidazolium (2 mmol) was dissolved in THF (10 mL) 

and potassium or sodium tert-butoxide (2.25 mmol) was added to the solution. The reaction 

mixture was allowed to stir at room temperature for 2 hours before being dried down in vacuo. 
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The dry residue was extracted with hot toluene (2 × 3 mL, 60 °C) and filtered through Celite. The 

filtered product was isolated by removing toluene under reduced pressure. 

In certain cases, the carbene commercially available and purchased directly and used without 

further purification. This included 1,3-bis(mesityl)imidazole-2-ylidene (Type 1C) and 1,3-bis(2,6-

diisopropylphenyl)imidazole-2-ylidene (Type 1D1). 

 

The carboxylation of the carbene to the carboxylate was similar among all the studied carbenes 

with the exception of Type 1J. The carboxylation method is described in the following. 

General Carboxylation Method: In a N2 glovebox environment, choice carbene is dissolved in 

THF and introduced to a stream of CO2. The solution was sparged until precipitation had occurred 

and stopped. Unlike the rest of the carbenes, Type 1J (R = t-butyl) appeared sensitive to 

protonation and was more successful for carboxylation when an open vial of a solution of Type 1J 

in THF was exposed to the glove box atmosphere which had amounts of CO2 in the air. 

 

Physical Methods: CO2 monitoring was performed on a CM-0111 gas sensor kit CM-0111 by 

CO2Meter with the software GasLab. 1H and 13C {1H} NMR and spectra were recorded at 500 

MHz on Bruker and 600 MHz Varian instruments. 1H NMR spectra chemical shifts were reported 

as δ values in ppm relative to residual protio solvent: D2O (4.79 ppm), MeOD (3.31 ppm), CD3CN 

(1.94 ppm) DMSO-d6 (2.50 ppm). 13C NMR spectra chemical shifts were reported as δ values in 

ppm relative to residual solvent: CD3CN (118.26, 1.31 ppm) and DMSO-d6 (39.52 ppm). 



92 
 

X-ray diffraction studies were conducted at the UCI Department of Chemistry X-ray 

Crystallography Facility on a Bruker SMART APEX II or Bruker X8 Prospector diffractometer. 

Crystals were mounted in a cryoloop and transferred to a Bruker X8 Prospector (SMART APEX 

II) diffractometer system. The APEX343 (APEX244) program package was used to determine the 

unit-cell parameters and for data collection (2 sec/frame scan time). The raw frame data was 

processed using SAINT45 and SADABS46 to yield the reflection data file. Subsequent calculations 

were carried out using the SHELXTL47 program package. There were no systematic absences nor 

any diffraction symmetry other than the Friedel condition.   

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques. The analytical scattering factors48 for neutral atoms were used throughout the analysis. 

Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso). The 

molecule was located about an inversion center.   

 

Characterization Data for Imidazoliums: 

1,3-bis(4-methoxyphenyl)imidazolium (pre-Type 1B): 1H NMR (498 MHz, CDCl3) δ 10.14 (s, 

1H), 8.45 (s, 2H), 7.82 (d, J = 7.8 Hz, 4H), 7.23 (d, J = 7.9 Hz, 4H), 3.86 (s, 6H). 

1,3-dicyclohexylimidazolium (pre-Type 1L): 1H NMR (498 MHz, DMSO) δ 9.42 (s, 1H), 7.93 

(s, 2H), 4.28 (s, 2H), 2.07 (d, J = 10.6 Hz, 4H), 1.84 (d, J = 12.4 Hz, 4H), 1.68 (s, 6H), 1.38 (d, J 

= 12.2 Hz, 4H), 1.20 (d, J = 13.0 Hz, 2H). 

1,3-diethylimidazolium (pre-Type 1M): 1H NMR (498 MHz, DMSO) δ 9.33 (s, 1H), 7.84 (s, 

2H), 4.20 (d, J = 7.3 Hz, 4H), 1.42 (s, 6H). 
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1,3-dihexylimidazolium (pre-Type 1N): 1H NMR (600 MHz, CD3CN) δ 8.49 (s, 1H), 7.38 (d, J 

= 1.5 Hz, 2H), 4.11 (s, 4H), 1.82 (s, 4H), 1.29 (d, J = 15.8 Hz, 12H), 0.89 (s, 6H). 

1,3-di(3-hydroxypropyl)imidazolium [CH3COO]- (pre-Type 1Q): 1H NMR (498 MHz, D2O) δ 

8.85 (s, 1H), 7.54 (s, 2H), 4.32 (t, 4H), 3.64 (t, 4H), 2.12 (p, 4H), 1H NMR (498 MHz, DMSO) δ 

9.54 (s, 1H), 7.79 (s, 2H), 5.33 (br, 2H), 4.25 (t, J = 6.7 Hz, 4H), 1.99 – 1.87 (m, 4H), 1.71 (d, J = 

0.9 Hz, 4H). 

Characterization Data for Ylidenes: 

1,3-bis(4-methoxyphenyl)imidazole-2-ylidene (Type 1B): 1H NMR (600 MHz, DMSO) δ 7.89 

(s, 2H), 7.79 (d, J = 9.1 Hz, 4H), 7.04 (d, J = 8.8 Hz, 4H), 3.80 (s, 6H). 

1,3-di-tert-butylimidazole-2-ylidene (Type 1J): 1H NMR (498 MHz, DMSO) δ 7.24 (s, 2H), 

1.49 (s, 18H).  

1,3-bis(1-adamantyl)imidazole-2-ylidene (Type 1K): 1H NMR (498 MHz, DMSO) δ 7.19 (s, 

2H), 2.12 (s, 6H), 2.05 (s, 12H), 1.69 (s, 12H). 

1,3-dicyclohexylimidazole-2-ylidene (Type 1L): 1H NMR (498 MHz, DMSO) δ 7.09 (d, J = 37.7 

Hz, 2H), 3.93 (t, J = 11.7 Hz, 2H), 1.88 (d, J = 11.4 Hz, 4H), 1.78 (d, J = 13.1 Hz, 4H), 1.69 – 1.57 

(m, 6H), 1.35 (q, J = 12.8 Hz, 4H), 1.18 (dd, J = 25.6, 12.9 Hz, 2H). 

1,3-diethylimidazole-2-ylidene (Type 1M): 1H NMR (498 MHz, DMSO) δ 7.06 (s, 2H), 3.91 (q, 

J = 7.3 Hz, 4H), 1.29 (t, J = 7.3 Hz, 6H). 

1,3-dihexylimidazole-2-ylidene (Type 1N): 1H NMR (498 MHz, DMSO) δ 7.11 (s, 2H), 3.90 (t, 

J = 7.1 Hz, 4H), 1.73 – 1.62 (m, 4H), 1.24 (s, 12H), 0.85 (d, J = 6.3 Hz, 6H). 

Characterization Data for Imidazolium Carboxylates: 
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1,3-bis(4-methoxyphenyl)imidazolium-carboxylate (Type 1B-CO2): 1H NMR (600 MHz, 

DMSO) δ 7.97 (s, 2H), 7.63 (d, J = 9.0 Hz, 2H), 7.13 (d, J = 9.0 Hz, 4H), 3.85 (d, J = 22.0 Hz, 

6H), 1H NMR (600 MHz, CD3CN) δ 7.58 (s, 2H), 7.09 (s, 2H), 6.91 (ddd, J = 91.8, 58.1, 21.9 Hz, 

4H), 3.86 (s, 6H), 13C NMR (151 MHz, DMSO) δ 159.93 (s), 128.38 (s), 125.79 (s), 120.93 (s), 

114.67 (s), 55.66 (s), 13C NMR (151 MHz, CD3CN) δ 163.15 (s), 159.59 (s), 126.94 (s), 122.83 

(s), 115.44 (s), 66.22 (s). 

1,3-bis(mesityl)imidazolium-carboxylate (Type 1C-CO2): 1H NMR (499 MHz, DMSO) δ 7.86 

(s, 2H), 7.08 (s, 4H), 2.32 (s, 4H), 2.09 (s, 18H), 1H NMR (600 MHz, CD3CN) δ 7.32 (s, 2H), 7.08 

(s, 4H), 2.35 (s, 4H), 2.14 (s, 18H). 13C NMR (151 MHz, DMSO) δ 152.98 (s), 146.39 (s) 139.58 

(s), 134.69 (s), 131.91 (s), 128.81 (s), 121.68 (s), 16.87 (s), 13C NMR (151 MHz, CD3CN) δ 158.41 

(s), 144.83 (s), 141.33 (s), 136.95 (s), 122.35 (s), 21.11 (s), 17.57 (s). 

1,3-bis(2,6-diisopropylphenyl)imidazolium-carboxylate (Type 1D-CO2): 1H NMR (600 MHz, 

CD3CN) δ 7.53 (t, J = 7.8 Hz, 2H), 7.44 (s, 2H), 7.37 (d, J = 7.7 Hz, 4H), 2.60 – 2.49 (m, 4H), 

1.23 (dd, J = 27.9, 6.9 Hz, 24H),13C NMR (151 MHz, DMSO) δ 152.08 (s), 147.00 (s), 144.84 (s), 

131.95 (s), 130.47 (s), 123.87 (s), 123.21 (s), 28.62 (s), 24.11 (s), 22.92 (s), 13C NMR (151 MHz, 

CD3CN) δ 153.28 (s), 148.37 (s), 146.21 (s), 131.59 (s), 125.00 (s), 123.82 (s), 29.88 (s), 24.39 

(s), 23.51 (s). 

1,3-di-tert-butylimidazolium-carboxylate (Type 1J-CO2): 1H NMR (600 MHz, DMSO) δ 7.57 

(s, 2H), 1.63 (s, 18H), 1H NMR (600 MHz, CD3CN) δ 7.63 (s, 2H), 1.63 (s, 18H), 13C NMR (151 

MHz, DMSO) δ 158.07 (s), 145.71 (s), 116.61 (s), 60.93 (s), 29.07 (s), 13C NMR (151 MHz, 

CD3CN) δ 164.39 (s), 120.87 (d, J = 20.0 Hz), 60.96 (d, J = 1.9 Hz), 29.70 (s). 
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1,3-bis(1-adamantyl)imidazolium-carboxylate (Type 1K-CO2): 1H NMR (600 MHz, DMSO) 

δ 7.64 (s, 2H), 2.29 (d, J = 2.6 Hz, 12H), 2.14 (s, 6H), 1.65 (s, 12H), 1H NMR (600 MHz, CD3CN) 

δ 7.61 (s, 2H), 2.26 (s, 6H), 2.16 (d, J = 2.6 Hz, 12H), 1.78 (dd, J = 26.4, 12.5 Hz, 12H), 13C NMR 

(151 MHz, DMSO) δ 158.35 (s), 145.52 (s), 115.85 (s), 61.78 (s), 34.99 (s), 29.25 (s). 

1,3-dicyclohexylimidazolium-carboxylate (Type 1L-CO2): 1H NMR (498 MHz, DMSO) δ 7.78 

(s, 2H), 4.84 (s, 2H), 1.92 (d, J = 10.8 Hz, 4H), 1.82 (d, J = 12.9 Hz, 4H), 1.72 – 1.58 (m, 6H), 

1.34 (q, J = 12.8 Hz, 4H), 1.25 – 1.13 (m, 2H), 1H NMR (600 MHz, CD3CN) δ 7.28 (s, 2H), 5.01 

(tt, J = 12.0, 3.7 Hz, 2H), 2.04 (d, J = 11.1 Hz, 4H), 1.86 (d, J = 13.9 Hz, 4H), 1.74 – 1.60 (m, 6H), 

1.48 – 1.38 (m, 4H), 1.29 – 1.19 (m, 2H), 13C NMR (151 MHz, DMSO) δ 154.37 (s), 142.95 (s), 

117.63 (s), 57.19 (s), 32.37 (s), 24.93 (s), 24.43 (s), 13C NMR (151 MHz, CD3CN) δ 155.82 (s), 

144.62 (s), 58.82 (s), 33.85 (s), 26.06 (s), 25.63 (s). 

1,3-diethylimidazolium-carboxylate (Type 1M-CO2): 1H NMR (498 MHz, DMSO) δ 7.63 (s, 

2H), 4.43 (q, J = 7.3 Hz, 4H), 1.34 (t, J = 7.2 Hz, 6H), 1H NMR (600 MHz, CD3CN) δ 7.27 (s, 

2H), 4.49 (d, J = 7.2 Hz, 4H), 1.39 (s, 6H), 13C NMR (151 MHz, DMSO) δ 153.95 (s), 141.77 (s), 

124.20 (s), 122.11 (s), 120.59 (s), 66.92 (s), 64.91 (s), 43.93 (s), 31.30 (s), 15.84 (s), 13C NMR 

(151 MHz, CD3CN) δ 157.06 (s) 141.83 (s), 121.79 (s), 45.82 (s), 16.19 (s). 

1,3-dihexylimidazolium-carboxylate (Type 1N-CO2): 1H NMR (600 MHz, DMSO) δ 7.62 (s, 

2H), 4.41 (t, J = 7.3 Hz, 4H), 1.76 – 1.66 (m, 4H), 1.23 (dq, J = 13.1, 8.6 Hz, 12H), 0.83 (s, 6H), 

1H NMR (600 MHz, CD3CN) δ 7.22 (s, 2H), 4.46 (t, J = 7.3 Hz, 4H), 1.81 – 1.72 (m, 4H), 1.28 

(s, 12H), 0.87 (t, J = 5.4 Hz, 6H), 13C NMR (151 MHz, DMSO) δ 154.02 (s), 142.23 (s), 120.94 

(s), 48.45 (s), 30.61 (s), 29.95 (s), 25.28 (s), 21.89 (s), 13.79 (s), 13C NMR (151 MHz, CD3CN) δ 

156.57 (s), 142.81 (s), 123.36 (s), 121.94 (s), 50.53 (s), 50.30 (s), 31.88 (s), 31.68 (s), 31.19 (s), 

30.39 (s), 26.57 (s), 26.30 (s), 23.08 (d, J = 10.1 Hz), 14.16 (d, J = 6.6 Hz). 
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Characterization for Other Molecules: 

2,4,6,8-tetrakis(pentafluorophenyl)-2,4,6,8-tetraazabicyclo-[3.3.0]octane: 1H NMR (600 

MHz, DMSO) δ 6.05 (s, 2H), 5.17 (s, 2H), 4.63 (s, 2H), 19F NMR (565 MHz, DMSO) δ -148.97 

(d, F8), -161.65 (t, J = 23.1 Hz, F4), -163.58 (t, J = 22.1 Hz, F4). 

Figure 3.19: 1H NMR of 2,4,6,8-tetrakis(pentafluorophenyl)-2,4,6,8-tetraazabicyclo-[3.3.0]octane in 

DMSO-d6, 600 MHz, 293 K.  
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