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CHAPTER 1: INTRODUCTION 

 

i. Background 

Ionic liquids (ILs) have recently become a topic of great interest due to their 

unique properties and their variety of potential applications and enhancement of desired 

properties. ILs are defined as salt mixtures that are comprised entirely of ions and are 

liquid below 100 °C. This general definition may also include other eutectic mixtures.1-3  

One unique property of ILs is that they have negligibly small vapor pressure 

allowing them to be non-flammable and are stable up to high temperatures. Due to these 

properties, ILs are also sometimes considered to be environmentally friendly, benign, 

solvents. Furthermore, IL solvents can be readily recycled limiting their waste.1-5 Another 

unique property is that ILs are designer solvents in the sense that their physicochemical 

properties can be tuned (to an extent) by different combinations of cations and anions. 

Some have estimated that there are millions to trillions of combinations that can be 

designed to tune their properties and more than 1500 were reported by 1999. 1, 5  

Further, “task-specific” ILs (TSILs) can be formed by appending specific 

functionality onto either the IL cation or anion.6 Consequently, efforts focused on 

designing and developing ILs with modified functionality have accelerated over the last 

few years. The lion’s share of the work has focused on the incorporation of groups into 

the cation—urea,7 phosphoryl,8, 9 polyether,10 and crown ether11, 12 modification serving 

as examples of cation modification. TSILs with functionalized anions, although not 

nearly as common, have also begun to emerge, as exemplified by ILs containing 
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salicylate-type,13, 14  hexafluoroacetylacetonate,15 or other fluorinated β-diketone16-18 

anions. Properties that could be tuned include their solubility and miscibility with water 

or organic solvents, their electrochemical, chemical, biological and physical properties.1 

Due to the unique properties of ILs, ILs have rapidly established themselves as 

versatile alternate substances—including roles as solvent, electrolyte, catalyst, reagents—

in science and technology.6, 19-26 More specifically, ILs have demonstrated major 

potential in a plethora of circumstances, including utility as solvents for synthesis and 

catalysis,19, 27-29 within analytical chemistry (e.g., sensors, matrices for laser desorption 

mass spectrometry),22, 30-34 biofuels production,29, 35-38 as material components with 

remarkable properties,39-43 and as gas sorbents/separators44-49 or extraction media,22, 50, 51 

among others. 

Despite the potential of ILs for various applications, there are many challenges 

facing ILs in order to commercialize them. The main drawback of ILs is that a lot of them 

are very expensive to synthesize, especially compared to current solvents. Not only are 

the ion precursors expensive, but the processes needed to mix and react the precursors are 

also expensive. There is also a relatively small market which further increases the price, 

in which the demand is mostly on the lab scale rather than on an industrial scale.3 

Furthermore, for some of the current commercialized ILs are not of high quality. Thus 

they may not be ideal for the use in spectroscopy, electrochemistry, or catalysis.52 

Another drawback is the lack of physical data for some ILs such as viscosity, density, 

heat capacity, and surface tension. This lack of data makes it hard to properly design and 

scale up the IL synthesis process. Current models that can be used to predict the above 

physical properties tend to not apply to ILs. For example there are empirical equations to 
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predict their properties, but they would require knowing the critical temperature and 

pressure which do not apply to ILs. Furthermore, surface tension models fail to account 

for organic salts. ILs also usually pack tighter (higher packing factor) than typical 

solvents and usually not accounted for in the models.3 Because of the above drawbacks, 

commercial scale ups of ILs would take a relatively long time to develop. However as ILs 

have gained popularity, more advanced models are being developed and databases for ILs 

properties have been growing. 

Deep Eutectic Solvents (DESs), which could be considered as a subcategory of 

ILs, are also of great interest. This type of mixture has a lower melting point and 

potentially lower viscosity than either of the pure components. DESs get its name from 

the mixture being at or near its eutectic point. The eutectic point (marked “E” in Figure 1) 

is the lowest possible melting temperature that can be achieved from varying the 

composition weight percent of the two, or more, components in the mixture. Thus a 

liquid mixture potentially with lower viscosity can be obtained at room temperature. 

Typically the mixture contains a cation, a anion, and a complexing agent. The 

complexing agent exhibits a strong bond that can complex with one of the ions to form 

either a complex cation and anion or a complex anion and a cation products. As a result 

of mixing, the charges become delocalized and a depression in the freezing point is 

observed. Thus, a eutectic mixture is formed. These types of solution may not exhibit the 

same stability and low vapor pressures at high temperatures compared to ILs, but both 

ILs and DESs exhibit a solution of ions with a low melting point.1, 53 
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Figure 1: A generalized phase diagram for a mixture of two components is shown above. The "Liquidus" 
line is the melting point line which reaches a minimal temperature at the eutectic point labeled 
E. This point is not necessarily at the 50 weight % mark.  

 
The most popular ion precursor for DESs is choline chloride (ChCl). This is 

because ChCl is non-toxic, readily available and thus cheap, and bio-degradable. 

Complexing agents include metal salts, hydrated metal salts, or hydrogen bond donors 

such as a hydroxide (OH) group. However, hydrogen bond donors are of the most interest 

since many of them are inexpensive, non-toxic, non-flammable, biodegradable, and 

versatile, e.g. glycerol. Thus, DESs are potentially much cheaper than typically ILs.53 
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ii. Applications 

Using the above properties, we would like to investigate different applications of 

novel ILs and DES systems. The three main properties that are of most interest for our 

ILs and DESs are their ability to capture and release carbon dioxide (CO2), to enhance the 

fluorescence of the ILs from bonding onto europium (Eu) and perhaps other lanthanides, 

and to use them as a proton, or pH, sensor. 

CO2 capture is of particular interest due to continued increase in CO2 emissions 

over the years. This topic is gaining worldwide attention due to its negative climate 

effects. In a recent report by United States Environmental Protection Agency (EPA), they 

reported that CO2 was the primary greenhouse gas emitted, accounting for 84% of 

emissions from human activities. Furthermore, CO2 emissions have increased by about 

12% from 1990 to 2010 and projected to grow 1.5% between 2005 and 2020. This 

increase was mainly attributed to the increase in burning fossil fuel and to deforestation. 

Burning fossil fuel was a large factor in producing CO2 since CO2 is one of the 

byproducts of the process. Deforestation also played an important role since trees and 

other plants can absorb and store CO2. And thus by removing these plants, there would be 

less places to store CO2 causing more CO2 to be released into the atmosphere. CO2 was 

also considered to be a long-lived greenhouse gas which has a 50-200 year lifetime in the 

atmosphere.54 A panel from the National Research Council on climate change noted the 

potential environmental consequences of greenhouse gas emissions which includes 

higher average temperatures, melting of the ice caps, rise in the sea levels, and extreme 

weather conditions.55, 56 
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Figure 2: The diagram depicts the greenhouse effect. The greenhouse effect is where solar radiation is 
reflected off the earth and absorbed and re-emitted by greenhouse gases in the atmosphere. The 
re-emitted energy is absorbed by the earth’s surface and thus warming it. 

 
CO2 and other greenhouse gases contribute to the greenhouse effect which warms 

the earth (Figure 2). This effect happens due the Sun radiating short wavelengths of 

visible or ultraviolet light to Earth. Some of the light is reflected back to space but the 

remaining light is absorbed by the surface. The surface then reemits this energy as 

infrared light, which has a longer wavelength. However, greenhouse gases can absorb a 

large amount of the reemitted light and trap this energy, or heat, within earth’s 

atmosphere and warms the earth. This heating of earth is important in sustaining a mild 

temperature allowing life to flourish. This is because without this greenhouse effect, the 
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temperature on earth would be too cold to live on. However, with the increasing amount 

of CO2 in the atmosphere, the greenhouse effect is enhanced where more of this energy is 

trapped, which consequently further heats earth’s surface.56 

Consequently, developing cheap techniques to reversibly and efficiently capture 

CO2 is of great importance.57-59 The most widely used method in power plants, to capture 

CO2, is by using amine based absorbents. However, amine based reagents could 

potentially have dangerous effects on humans, animals, and the environment.60 

Furthermore, there is a high regeneration temperature, corrosiveness, and solvent loss 

during the absorption process.61 In turn, more environmentally friendly and effective CO2 

capturing systems including ILs are being investigated. 

Another important application for ILs is for the enhancement of the fluorescence 

of europium. Based on appropriate functional design, ILs can be used in metal ion 

chelation, a possibility that has proven useful for extractions of metal compounds and the 

formation of complexes with rare earths.62 Owing to the well-known complexation 

chemistry involving the β-diketonate ligand and lanthanides,63, 64 β-diketonate containing 

ILs are now being widely investigated for various lanthanides applications due to the 

favorable luminescent properties of their chelates. Since 4f–4f transitions are Laporte 

forbidden, direct excitation of lanthanide luminescence is not feasible. This limitation can 

be overcome by complexing lanthanides to organic ligands such as β-diketones, leading 

to the sensitization of luminescence.  

After forming a Eu complex, ultraviolet light (310–340 nm) can be used to excite 

europium (Eu3+) and emit a fluorescence peak at 615 nm. Because of this property, Eu 

can be used as a fluorescent labeling reagent. By studying the peak at 615 nm, the 
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presence, or lack, of the target compound can be known and perhaps even can be used 

estimate the concentration of the target compound in a medium. By forming a complex, 

Eu also exhibits a significant shift in the resonance peaks of a nuclear magnetic resonance 

spectrum.65 This then allows the overlapping peaks or multiplets to be separated which in 

turn can be analyzed to determine the enantiomeric purity of solution.66 Due to the 

luminescence from lanthanide complexes, lanthanides in general, have important 

ramifications in light-emitting devices, luminescent polymer films, optical fibers for data 

transmission, and as luminescent bioprobes.67, 68 

A third application of interest for ILs is for their proton, pH, sensing abilities. As 

stated earlier, ILs can be used as solvents for synthesis mediums and catalysis. In the 

above applications, the pH of the solution may be of importance. This is especially true 

when using ILs in biological systems, e.g. proteins. Ideally an easily recognizable change 

in the IL, e.g. color change, should be observed with the change in pH. This then allow 

one to easily recognize, maintain, and control the pH without the need of other pH 

measuring devices. Furthermore, ILs could have the potential to act as a buffer solution. 

These buffer ILs could be used as a non-aqueous solvent and/or reaction medium that can 

efficiently control the pH of the solution.69 

Due to the increasing popularity and the potential of using ILs for CO2 capture, 

enhancement of the fluorescent of Eu, and as a proton sensor, many research papers 

related to the above applications for ILs have since been published.  
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CHAPTER 2: LITERATURE REVIEW 

 

i. Synthesis Methods 

 Until the late 1990s, there was scarce information on ILs and how they were 

synthesized. In the early 1990s, ILs containing 1-alkyl-3-methylimidazolium, [Cnmin], as 

the cation, were being explored. In 1992, the synthesis of ILs with non-chloroaluminate 

dialkylimidazolium cations were reported, with [C2mim] hexafluoro-phosphate, 

[C2mim][PF6], reported in 1994.70, 71 It was not until the 2000s when these ILs were being 

commercialized. Since then, ILs has garnered immense interest due their potential 

applications. Thus, more ILs have been commercialized, and many new ILs have been 

developed on the lab scale using various synthesis procedures. The most common 

methods include alkylation, anion exchange, microwave and ultrasound assisted, halide-

free, protonation, haloaluminates, chiral controlled synthesis, and other functionalization 

procedures to produce TSILs.1 

 Alkylation synthesis process was usually used when making ILs containing an 

ammonium, imidazolium, pyridinium, or phosphonium ion. For these ILs, the alkyl 

cations would be synthesized by alkylation using a nucleophilic alkylating agent such as 

halogenoalkanes. Generally, reagents were slowly mixed together in a flask fitted with a 

reflux condenser or ice bath due the reaction being highly exothermic and stirred for a 

few days.52 However, the alkylation process for shorter alkyl chains, n=1 or 2, included 

the use of gases or other complex steps. For example, compressed gaseous chloroethane 

and an autoclave was needed to synthesize [C2mim]Cl (chloride) as shown in Figure 3. 
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Phosphine gas was needed to promote the reaction for ILs containing tertiary phosphines 

In addition, some alkylation processes require complex purification steps including a 

recrystallization step to obtain [C4mim]Cl,.1  

 

Figure 3: An example alkylation reaction scheme is shown for [C2mim]Cl.1 

 
 Anion exchange was another popular method to synthesize ILs. Common ILs that 

used this process included tetrafluoroborate, bis(trifluoromethanesulfonyl)imide (Tf2N
–), 

and hexafluorophosphate with a dialkylimidazolium cation. This synthesis consisted of a 

two-step process. First, a halide salt with the cation was prepared by alkylation. At this 

stage, the imidazole is typically refluxed with a large excess of the alkyl halide and an 

organic solvent for several hours.1 Secondly, the halide anion was exchanged with the 

desired anion by anion metathesis. An example of a typical anion exchange synthesis is 

as follows for [C4mim][Tf2N]: 

[C4mim]Cl + Li[Tf2N] → [C4mim][Tf2N] + LiCl 

Many high quality imidazolium and pyrrolidninium ILs and their large scale 

synthesis processes were reported by Burrell et al. The alkylation step generally involved 

mixing the precursor solutions with an attached reflux condenser or in an ice bath due to 

the exothermic nature of the reaction. After stirring for another day or so, a white or 

yellowish solid was obtained. After filtering and washing to obtain the solid, the soild 

was dissolved in water and purified by the addition of decolourizing charcoal. Anion 

exchange by metathesis was completed by mixing the solid solution with the desired 
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anion precursor. The product was then purified by using methods including vacuum 

filtration and extraction. As a result, ILs of high yield and quality were obtained.52 Drake 

et al. prepared 1-alkyl-4-amino-1,2,4-triazolium nitrate IL using silver nitrate using hot 

ethanol during the metathesis step. Furthermore, filtration was needed to remove the 

unwanted silver halides.72 Recently Wasserscheid et al. used an ion-exchange resin to 

synthesize 1-ethyl-3-methylimidazolium vinylsulfonate, [C2mim][C2H3SO3].
73 

 Varma and Namboordiri later reported that the refluxing step in the anion 

exchange synthesis could be avoided by the use of a microwave-assisted synthesis. This 

method greatly reduced the reaction time from hours to minutes and also avoids the use 

of solvents and excess of alkyl halide.74, 75 Subsequently, Lévêque et al. prepared [C4min] 

based ILs using an ultrasonic reactor.76 

 Halide-free synthesis was another method to synthesize ILs. This process was 

used to overcome the drawbacks from using halides in the anion exchange synthesis. One 

drawback from using halides was that during the metathesis reaction, halogenoalkanes, 

having a high boiling point, and halide salts were produced and are difficult to remove 

from the IL product. Thus, halides could contaminate and reduce the quality of the IL.1 

Instead of halides, dimethyl sulfate, diethyl sulfate, hexaluorophosphoric acid, and 

dimethyl carbonate have been used as the alkylating agent.77, 78 

 Other methods include protonation, synthesis of haloaluminate ILs, and controlled 

chiral synthesis were also reported. Protic ILs were made by protonating a starting 

compound. Water was then removed. Haloaluminate ILs were prepared by reacting an 

organic halide salt, cation, and a Lewis acid.1 ILs of a specific chirality for both the anion 

and cation could also be controlled with the use of amino acids.79, 80  
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 By incorporating any of the above synthesis methods along with further synthesis 

steps to modify and obtain the desired functional groups on either the cation or anion, 

task specific ILs can be synthesized. The desired functional group(s) was selected in 

order to obtain the desired properties. These desired properties of TSILs included the 

ability to capture and store gas, to be used as a catalyst, to be used as a reaction medium, 

or to be used to further modify the cation or anion to make new and unique ILs. Thus, 

task-specific cations have a wide range of potential applications and is a rapidly growing 

area of research.1, 81 

 As can be seen by the above methods, most of the synthesis processes were 

difficult and expensive involving two steps, gases, or reactors such as an autoclave. These 

difficulties would further increase the time and cost of commercialization and hinder the 

practical uses for these ILs despite their performance. Thus one of the goals would be to 

develop less expensive, easier, and faster synthesis methods for a given application. 

ii. CO2 Capture 

 Efficient capture of the notorious greenhouse gas, CO2, can often be achieved by 

a chemical absorption using a substance possessing electron-rich centers, such as primary 

amines. The most widely used method in power plants was to capture CO2 using amine-

based absorbents or more specifically monoethanol amine. However, amines have a high 

regeneration temperature, corrosiveness, and solvent loss during the absorption process.60, 

61, 82 To overcome these effects, ILs have been studied to their negligibly small vapor 

pressure. Within this context, ILs have gained recent momentum in the quest for effective 

CO2 capture and separations.45, 83, 84 In landmark work, Davis and coworkers synthesized 

amino-functional ILs capable of chemisorbing ca. 0.5 moles of CO2 per mole of IL after 
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3 hours at atmospheric pressure.47 Other groups quickly followed this example, reporting 

on ILs for CO2 capture based on sulfone anions with ammonium cations and amino acid 

anions coupled with phosphonium/imidazolium cations, to name just a couple 

examples.85, 86 

Another drawback of using amines is their negative health effects. Over the years, 

many different methods to improve upon using amines had been developed. Wang et al. 

investigated a new system for CO2 sorption using mixtures of imidazolium ionic liquids 

and a superbase.87 They found that the superbase would abstract the weakly acidic C-2 

proton from the imidazolium cation which then allows the resulting system to capture 

CO2. Wang et al. also reported a method to tune the enthalpy of CO2 absorption by 

creating tunable basic ionic liquids by using phosphonium hydroxide to neutralize weak 

proton donors with different acidity (pKa).88 Wang et al. further showed that strong bases 

including superbases in anion-functionalized protic ionic liquids deprotonated weak 

proton donors such as alcohols and phenols which could in turn react with and capture 

CO2.
46 Wang et al. then developed a system containing a 1:1 molar ratio of an ionic liquid 

containing an alcohol group and a superbase.89 This system rapidly and reversibly 

captured nearly 1 mole of CO2 per mole of superbase used. This system could also be 

recycled with minimal loss in performance. Yang et al. recently reviewed task-specific 

ionic liquids, such as amino-funcitonalized ionic liquids or superbase-derived protic ionic 

liquids, used as absorbents, catalysts, and promoters for CO2 capture/absorption and 

subsequent conversion.90 Furthermore, they developed a binary system of polyethylene 

glycol (PEG) and an amidine or guanidine superbase for efficient CO2 capture.91 
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 In replacing amines, we want to explore using green reagents that would not harm 

humans or the environment. Li et al. demonstrated that an ionic liquid consisting of 

renewable materials such as choline could capture CO2 neat or with the addition of 

PEG.92 Their IL and PEG system could capture 0.6 moles of CO2 per mole of ionic liquid 

in 50 minutes and release the CO2 captured in another 50 minutes using N2 or a vacuum. 

Aresta et al. demonstrated that green solvents such as glycerol (Gly) could capture a 

small amount of CO2 using tin based catalysts.93 

 However, high viscous liquids such as Gly were shown to be poor at capturing 

CO2. This was because the more viscous a liquid was, the lower the CO2 diffusion rate 

and CO2 absorption became.91, 94, 95 To lower the viscosity of Gly, Abbott et al. showed 

that choline chloride (ChCl) could be added to form a DES.96 Abbott also showed that as 

more ChCl was added to Gly, the viscosity decreased following an Arrhenius like 

behavior. As the DES composition reached a 33 mol% of ChCl (1:2 ChCl:Gly), further 

decrease in viscosity became insignificant.  

In addition, Chen et al. developed a porous anionic C3N4-type framework that 

contained size-tunable and ion-exchangeable, extra-framework, organic cations placed in 

solvents including organic solvents, ionic liquids, and DES.97 As a result Chen et al. 

achieved a CO2 capture capacity as high as 70.6 cm3/g at 1 atm and 273 K. Furthermore, 

Gutiérrez showed that CO2 could be captured using a nitrogen-doped hierarchical porous 

carbon structure. This porous carbon structure was synthesized using a DES precursor of 

resorcinol, 3-hydroxypyridine, and ChCl in 2:2:1 and 1:1:1 molar ratios. This system was 

great at capturing CO2 due to the structure’s high nitrogen content and its bimodal porous 
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structure, where the micropores provided a high surface area and the macropores 

provided feasible access of CO2 to the surface.98 

iii. Europium Fluorescent Enhancement 

 As mentioned earlier, ILs can be used for extractions of metal compounds and the 

formation of complexes with rare earths. In one example, Mudring et al. demonstrated 

that ILs containing the bis(trifluoromethylsulfonyl)imide (Tf2N
‒) anion were not as 

“innocent” or “noncoordinating” as often presumed in the sense that they formed 

complexes with Yb2+.99 Recently, β-diketonate containing ILs have been used to make 

lanthanide-doped luminescent ionogels and soft matter,100-102 including nanoscale groups 

of uniform materials based on organic salts (GUMBOS)103 and efficient lanthanide ion 

(e.g., Eu3+, Tb3+) extraction materials.104 Duarte et al. also developed a new 

betadkietonate ligand which could complex with Eu forming a highly luminescent 

compound.105 

iv. Proton Sensing 

 Brønsted acidic ILs possess a number of useful attributes such as high proton 

conductivity.31, 106 More generally, ILs have shown promise in the construction of novel 

sensing schemes for monitoring acids or bases. For instance, a flexible pH-sensing 

membrane consisting of the IL n-cetylpyridinium hexafluorophosphate, poly(vinyl 

chloride), and quinhydrone was recently fashioned and validated in the direct monitoring 

of pH in authentic foods.107 In another example, we reported earlier on a highly 

luminescent IL incorporating into its structure a photoacidic anion responsive to 

environmental basicity.17 Barikbin et al. also showed that 1-ethyl-3-methyl-imidazolium 
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[Tf2N] IL, or [EMIm][Tf2N] in shorthand, could be doped with a pH sensitive dye, 

Thymol blue. This resulted in a solution which changed colors from a pink-red color to a 

light yellow color as the solution became more basic. This was particular useful in 

studying the acidity of microfluidics systems without contaminating the target solution.108 

Other type of sensors took advantage of other potential aspects of ionic liquids. Liang et 

al. developed ILs that could sense organic vapors using a quartz crystal microbalance 

based on the change of viscosity.109 However the above types of sensors require a device 

to measure its conductance, viscosity, or a doping material for proton sensing. Ideally we 

would like to develop an IL that can simply track the change in proton concentration, e.g. 

obvious change in color. 

 From the above literature, it is evident that ionic liquids and their synthesis and 

properties are a very active area of research. Due to the importance of synthesis, CO2 

capture, proton sensing, and Eu enhanced luminescence, we wanted to develop a cheap, 

easy, and green system that could exhibit the above properties. 
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CHAPTER 3: IONIC LIQUIDS CONTAINING FLUORINATED        

β-DIKETONATE ANIONS: SYNTHESIS, CHARACTERIZATION, 

AND POTENTIAL APPLICATIONS 

 

i. Abstract 

Ionic liquids sporting anions comprising the β-diketonate functionality were 

prepared, fully characterized via ESI-MS, FTIR, and 1H/13C NMR, and tested in multiple 

scenarios. We present eight new salts based on four different β-diketonate anions, each 

coupled with the choline or tetrabutylphosphonium cation. The thermal stabilities and 

transitions for these β-diketonate salts were explored using DSC and TGA. Seven of the 

compounds displayed melting points at or below 100 °C and hence formally qualify as 

ILs. The inherent binding capability of the β-diketonate moiety made possible a task-

specific IL amenable to lanthanide recognition. For example, coordination with Eu3+ was 

accompanied by a striking three order-of-magnitude intensification of luminescence 

(‘turn-on’). Additionally, these ILs display prominent acidochromism. That is, the intense 

visible color of β-diketonate ILs is modulated in the presence of an acid source, 

permitting the visual transduction of local pH changes. Utility for carbon capture was 

also considered, however, these ILs were essentially incapable of binding CO2. 

Computational studies were better able to elucidate this behavior, revealing that the 

association of CO2 to the β-diketonate anion is thermodynamically unfavored and 

sterically hindered. Despite this negative result for CO2 capture, these newly introduced 
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β-diketonate ILs show interesting and useful physicochemical properties applicable to a 

number of future applications. 

 

 

Figure 4: Chemical structures of the anion and cation precursors employed to prepare the eight new ILs 
forming the subjects of this study. 

 

ii. Introduction 

In this chapter, we report the synthesis, full characterization, and plausible 

applications of several new β-diketonate anion-based ILs prepared in a facile, one-pot 

reaction between the hydroxides of choline ([Ch]+) or tetrabutylphosphonium ([P4444]
+) as 

the source of cation, and anions formed from 1,1,1,5,5,5-hexafluoro-2,4-pentanedione 
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(Hfac), 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedione (Hfod), 2-thenoyltri-

fluoroacetone (Htta), or benzoyl-1,1,1-trifluoroacetone (Hbta); refer to Figure 4 for the 

associated ionic precursors. Seven of the eight potential compounds displayed melting 

points at or below 100 °C and can thus be formally classified as ILs. In fact, five of the 

ILs are liquid at room temperature (RT), with another melting only a handful of degrees 

above RT. For this reason, for simplicity, when referring to the entire family of 

compounds, we will generally simply refer to them as ILs, without being overly 

imprecise in so doing. 1H and 13C NMR, ESI-MS, FTIR, DSC, TGA, and dynamic 

viscosity characterization was undertaken to highlight the fundamental properties of these 

novel ILs. Lanthanide chelation with luminescent ‘turn-on’, colorimetric proton-sensing, 

and the potential for CO2 capture inspired by the β-diketonate functional nature of the 

anion were also explored. 

iii. Experimental  

1. Materials and Methods 

 The cation precursors choline hydroxide (46 wt% solution in water) and 

tetrabutylphosphonium hydroxide (40 wt% solution in water) were purchased from 

Aldrich Chemical Company. Anion precursors hexafluoroacetylacetone and 2-

thenoyltrifluoroacetone, were purchased from Strem Chemicals, whereas 6,6,7,7,8,8,8-

heptafluoro-2,2-dimethyl-3,5-octanedione and 4,4,4-trifluoro-1-phenyl-1,3-butanedione 

were obtained from Aldrich Chemical Company. All chemicals were sourced in the 

highest purity available and were used as received, unless otherwise noted. Compounds 

were typically dried under high vacuum at 60 °C for 48 h to remove water. 
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2. Synthesis 

 The eight new fluorinated β-diketonate anion-based compounds [Ch][fac], 

[Ch][fod], [Ch][tta], [Ch][bta], [P4444][fac], [P4444][fod], [P4444][tta], and [P4444][bta] were 

synthesized in a one-step neutralization process with near-atom efficiency. In this 

process, either an 46 wt% aqueous solution of choline hydroxide ([Ch][OH]) or 40 wt% 

aqueous tetrabutylphosphonium hydroxide ([P4444][OH]) was used as cation precursors 

for [Ch][anion] and [P4444][anion] ion pairs, respectively. Exact molar equivalents of the 

corresponding fluorinated β-diketone (Hfac, Hfod, Htta, or Hbta) and the cation precursor 

were both chilled to 0 °C in separate vials using an ice bath. The cationic precursor was 

then slowly added dropwise to the fluorinated β-diketone under stirring on an ice bath. 

After 1:1 molar addition was complete, the mixture was stirred for an additional 30 min. 

All four resulting [Ch][anion] pairs formed a single phase with water, whereas the four 

[P4444][anion] samples spontaneously segregated into a dense lower phase distinct from 

the water phase. The water was removed from the four [Ch][anion] compounds by 

subsequent flash freezing and lyophilization for 48 h. For the [P4444][anion] compounds, 

the lower phase was collected and further washed with water six times. All compounds 

were then dried under vacuum at 60 °C for at least 24 h. 

3. Characterization 

1H and 13C NMR spectra were recorded on a Bruker ARX-300 Ultrashield 

spectrometer. FTIR data were obtained using a Thermo Nicolet Nexus 670 spectrometer 

with an AEM (auxiliary experimental module). Mass spectra were acquired on a triple-

quadrupole Finnigan TSQ7000 mass spectrometer equipped with electrospray ionization 
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(ESI) in positive- and negative-ion modes. Decomposition temperatures were measured 

under nitrogen using a model TGA Q50 (TA Instruments, Inc.) at a ramp rate of 10 °C 

min‒1. Melting points, glass transition temperatures, and crystallization temperatures were 

measured using a TA Instruments model DSC Q100. A Brookfield DV-III Ultra 

Programmable Rheometer (Spindle: CPE-42) equipped with a Fischer Scientific 

Isotemp® temperature bath was used for all viscosity measurements. Luminescence 

spectra were acquired on a Varian Cary Eclipse spectrofluorimeter with excitation and 

emission monochromators as wavelength selection devices, a Xe-arc lamp as the 

excitation source, and a PMT as the detector. The spectral responses from appropriate 

blanks were subtracted before data analysis in all cases. All luminescence data were 

acquired using 1-cm pathlength quartz cuvettes. 

 

[Ch][fac]: Light-yellow liquid, Yield: 100%; IR (υmax/cm‒1): 3403, 1691, 1676, 1206, 

1129; 1H NMR (300 MHz, CD3OD, δ in ppm): 3.30 (s, 9H, N-CH3), 3.58 (m, 2H, N-

CH2), 4.08 (m, 2H, OH-CH2), 5.69 (s, 1H, OC-CH-CO); C13 NMR (300 MHz, CD3OD, δ 

in ppm): 55.7, 58.2, 63.0, 67.0, 82.8, 70.1, 74.0, 116.6, 121.3, 163.2; MS (ESI) m/z: 

104.02 [Ch]+, 206.95 [fac]−. 

 

[Ch][fac]: Light-yellow liquid, yield: 98%; IR (υmax/cm‒1): 3403, 1691, 1676, 1206, 

1129; 1H NMR (300 MHz, CD3OD, δ in ppm): 3.30 (s, 9H, N-CH3), 3.58 (m, 2H, N-

CH2), 4.08 (m, 2H, OH-CH2), 5.69 (s, 1H, OC-CH-CO); C13 NMR (300 MHz, CD3OD, δ 

in ppm): 55.7, 58.2, 63.0, 67.0, 82.8, 70.1, 74.0, 116.6, 121.3, 163.2; MS (ESI) m/z: 

104.02 [Ch]+, 206.95 [fac]−. 
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[Ch][fod]: Light-brown solid, yield: 97%; IR (KBr, υmax/cm‒1): 3274, 2968, 1691, 1638, 

1392, 1226, 1111; 1H NMR (300 MHz, CD3OD, δ in ppm): 1.22 (s, 9H, C(CH3)3), 3.34 

(s, 9H, N-CH3), 3.64 (m, 2H, N-CH2), 4.13 (m, 2H, OH-CH2), 5.58 (s, 1H, OC-CH-CO); 

C13 NMR (300 MHz, CD3OD, δ in ppm): 29.0, 43.3, 55.1, 59.9, 69.5, 72.6, 89.3, 111.0, 

116.0, 119.0, 170.6, 204.7; MS (ESI) m/z: 104.12 [Ch]+, 295.12 [fod]−. 

 

[Ch][tta]: Orange-red liquid, yield: 99%; IR (υmax/cm‒1): 3325, 1691, 1626, 1526, 1518, 

1353, 1280, 1127; 1H NMR (300 MHz, CD3OD, δ in ppm): 3.18 (s, 9H, N-CH3), 3.48 (m, 

2H, N-CH2), 4.09 (m, 2H, OH-CH2), 6.05 (s, 1H, OC-CH-CO), 7.80-7.06 (m, 3H, Ar-H); 

C13 NMR (300 MHz, CD3OD, δ in ppm): 53.4, 55.8, 60.5, 72.3, 87.9, 88.2, 118.9, 121.4, 

128.4, 127.7, 129.6, 133.5, 148.6, 180.4, 191.8; MS (ESI) m/z: 104.06 [Ch]+, 221.01 

[tta]−. 

 

[Ch][bta]: Dark-red liquid, yield: 99%; IR (υmax/cm‒1): 3299, 1693, 1635, 1579, 1516, 

1206, 1122; 1H NMR (300 MHz, CD3OD, δ in ppm): 3.15 (s, 9H, N-CH3), 3.34 (m, 2H, 

N-CH2), 3.84 (m, 2H, OH-CH2), 5.89 (s, 1H, OC-CH-CO), 7.83-7.23 (m, 5H, Ar-H); C13 

NMR (300 MHz, CD3OD, δ in ppm): 55.6, 57.3, 63.0, 66.0, 70.0, 74.4, 90.63, 117.0, 

121.06, 129.06, 130.4, 132.5, 135.2, 139.4, 144.4, 163.6, 171.9, 190.8; MS (ESI) m/z: 

104.08 [Ch]+, 215.03 [bta]−. 

 

[P4444][fac]: Light-yellow semi-solid, yield: 96%; IR (KBr, υmax/cm‒1): 2974, 1691, 1671, 

1247, 1383, 1131; 1H NMR (300 MHz, CDCl3, δ in ppm): 0.96 (t, 12H, CH3), 1.50 (m, 

16H, CH2-CH2-CH3), 2.27 (m, 8H, CH2-CH2-CH2-CH3), 5.60 (s, 1H, OC-CH-CO); C13 
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NMR (300 MHz, CDCl3, δ in ppm): 13.3, 18.3, 19.0, 23.0, 24.0, 84.2, 116.5, 173.4; MS 

(ESI) m/z: 260.10 [P4444]
+, 207.09 [fac]−. 

 

[P4444][fod]: Light-pink solid, yield: 98%; IR (KBr, υmax/cm‒1): 2963, 1695, 1639, 1384, 

1274, 1230; 1H NMR (300 MHz, CDCl3, δ in ppm): 0.95 (t, 12H, CH3), 1.08 (s, 9H, 

C(CH3)3),1.48 (m, 16H, CH2-CH2-CH3), 2.38 (m, 8H, CH2-CH2-CH2-CH3), 5.47 (s, 1H, 

OC-CH-CO); C13 NMR (300 MHz, CDCl3, δ in ppm): 13.8, 18.7, 19.3, 24.3, 28.6, 41.8, 

87.8, 108.8, 121.2, 157.5, 169.3, 200.8; MS (ESI) m/z: 259.10 [P4444]
+, 295.09 [fod]−. 

 

[P4444][tta]: Brownish-red liquid, yield: 98%; IR (υmax/cm‒1): 3073, 2965, 1693, 1661, 

1629, 1516, 1381, 1273, 1115; 1H NMR (300 MHz, CDCl3, δ in ppm): 0.89 (t, 12H, 

CH3),1.43 (m, 16H, CH2-CH2-CH3), 2.22 (m, 8H, CH2-CH2-CH2-CH3), 5.86 (s, 1H, OC-

CH-CO), 7.67-6.96 (m, 3H, Ar-H); C13 NMR (300 MHz, CDCl3, δ in ppm): 13.4, 18.2, 

18.8, 23.8, 87.3, 108.8, 121.5, 125.9, 127.7, 128.2, 132.5, 150.7, 178.5, 190.0; MS (ESI) 

m/z: 259.01 [P4444]
+, 220.83 [tta]−. 

 

[P4444][bta]: Dark-red liquid, yield: 99%; IR (υmax/ cm‒1): 3067, 2962, 1690, 1640, 1382, 

1267, 1116; 1H NMR (300 MHz, CDCl3, δ in ppm): 0.91 (t, 12H, CH3),1.45 (m, 16H, 

CH2-CH2-CH3), 2.27 (m, 8H, CH2-CH2-CH2-CH3), 5.96 (s, 1H, OC-CH-CO), 7.95-7.28 

(m, 5H, Ar-H); C13 NMR (300 MHz, CDCl3, δ in ppm): 13.7, 18.6, 19.2, 24.1, 88.3, 

118.0, 127.3, 128.5, 129.1, 133.4, 143.4, 186.5, 198.5; MS (ESI) m/z: 259.13 [P4444]
+, 

214.94 [bta]−.  
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4. Simulation Details 

 Molecular dynamics (MD) studies in the isothermal–isobaric (NPT) ensemble 

involving an equimolar mixture of CO2 with [choline][hfac] were performed at 300 K 

and 1 bar using NAMD (not (just) another molecular dynamics) package.110 The system 

was initially equilibrated for 2 ns followed by a production of 10 ns. Radial distribution 

functions were extracted from NPT molecular dynamics simulations, which were 

performed using NAMD version 2.7b3. Simulations were performed for 10 ns with a 1 fs 

time step. Non-bonded pair lists were maintained at 16 Å with a Lennard-Jones cutoff at 

14 Å. The particle-mesh Ewald (PME) was used to calculate long-range electrostatic 

interactions. All simulations were performed on cubic boxes containing 250 ion pairs.  

 The adaptive bias force method (ABF) developed by Darve et al.111 and adopted 

in NAMD112 was used to determine the free energies of solvation for CO2 in 

[choline][hfac] at 300 K. Previously, this method has been successfully used by our 

group to determine Henry’s constants and partition coefficients for ILs,113 an approach 

later extended to the determination of free energies of exfoliation for graphene in various 

solvents, including ILs.114 As part of the ABF algorithm, an external biasing force (FU), 

estimated locally from the sampled conformations of the system and updated 

continuously, was applied to the CO2 molecule at each step to facilitate the system in 

overcoming significant energy barriers that may be present along the reaction coordinate. 

A rectangular simulation cell was used, with dimensions of 30 × 30 × 60 Å, with the 

condensed phase occupying a region of 30 × 30 × 30 Å. The number of molecules in each 

box was selected to reproduce the density of [choline][hfac] predicted from isothermal–

isobaric (NPT) simulations at 1 bar and 300 K for a specific potential truncation (14 Å). 
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For systems utilizing a 14 Å cut-off, 70 [choline][hfac] ion pairs were used. The reaction 

coordinate for the determination of free energy changes was defined as the distance 

between the center of mass of the solute (COMS) under study and the center of mass of 

the condensed phase (COMCP). In the initial system setup, the COMS was placed at 

approximately the COMCP. Over the course of the simulation, the reaction coordinate 

spanned a distance of 30.0 Å from the COMCP to the center of the vacuum region. To 

reduce the statistical error of the calculations, the reaction pathway was divided into six 

equally-sized non-overlapping windows of 5.0 Å. The system was first equilibrated for 

10 ns. To generate the initial configurations for each window, a single 20 ns ABF run was 

performed, spanning the complete reaction pathway from 0.0 to 30.0 Å, after heating and 

equilibration of the system. Coordinates from the trajectory of this simulation were 

periodically saved to generate six initial coordinate files for the six windows. Force 

statistics were stored in bin widths of 0.05 Å. The biasing force was applied after 600 

samples were collected within each bin. To keep the solute within the specified window, 

a harmonic force with a magnitude of 10.0 kcal mole–1 Å–1 was applied on the upper and 

lower boundary of the window along the z–axis of the simulation cell. A final production 

run of 30 ns for each window was performed. 

iv. Results and Discussion 

1. Synthesis 

 Eight new fluorinated β-diketonate anion-based compounds, namely [Ch][fac], 

[Ch][fod], [Ch][tta], [Ch][bta], [P4444][fac], [P4444][fod], [P4444][tta], and [P4444][bta], were 

synthesized in a one-step neutralization process with essentially atom efficiency. In this 
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process, equimolar amounts of a cooled (~0 °C) aqueous solution of either choline 

hydroxide or tetrabutylphosphonium hydroxide was added dropwise to the desired 

fluorinated β-diketone (Hfac, Hfod, Htta, or Hbta) while stirring on an ice bath. After 

completing the 1:1 molar addition, the mixture was stirred for an additional 30 minutes, 

whilst remaining on the ice bath. All four [Ch]+ cation-based ILs formed a single, 

homogeneous phase with water, demonstrating their complete aqueous miscibility. 

Therefore, water was removed from the [Ch]+ derived compounds by subsequent freeze-

drying for 48 hours. Conversely, all [P4444]
+ cation-based ILs clearly separated from 

water into a distinct, lower phase. Hence, the top (aqueous) layer was simply removed 

and the [P4444]
+ cation-based phase were further extracted six times with water. Both sets 

of isolated compounds were finally dried carefully on a vacuum line at 60 °C for a 

minimum 24 hours and afterwards stored under vacuum. 

2. Mass Spectrometry Analysis 

 Dried ionic compounds were initially characterized by electrospray ionization-

mass spectrometry (ESI-MS) using acetonitrile and/or methanol as the solvent (see 

Experimental section for details). ESI is a well-established method for the generation of 

gas-phase ions from solutions of ILs for subsequent analysis by MS.115 Being inherently 

charged, ILs offer facile characterization in both positive- and negative-ion mode by ESI-

MS. It is possible that a small droplet contains a single net positive (or net negative) 

charge along with a number of paired cations and anions. For instance, if a positive 

voltage is applied to the capillary, then the droplets will carry positive charges and finally 

positive ions are formed. A net double charge is, however, less favorable, as charge 
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repulsion tends to lead to Coulombic explosion during droplet contraction. A net surplus 

of one cation will generate a series of ion aggregates of the type [(cation)n+1(anion)n]
+, 

and spectra of ILs at most concentrations (except for very dilute solutions) will contain 

this series. As a practical consequence, this generally means that the spectra in both 

positive and negative ionization modes can be used to verify the identities of both the 

cation and the anion of the IL. This occurs because the difference in m/z between each 

ion in the series is equal to the mass of the cation plus the anion, while the first m/z value 

provides the mass of the cation (or anion, in negative-ion mode). In line with previously 

reported observations, for very dilute solutions of our compounds in methanol and/or 

acetonitrile we observed m/z corresponding to the cations [P4444]
+ and [Ch]+ and the 

anions [fac]‒, [fod]‒, [tta]‒, and [bta]‒ constituting the IL. For relatively concentrated 

solutions, we observed aggregates of the type [(cation)n+1(anion)n]
+. 

3. NMR Analysis 

The identities of all compounds were further verified by 1H and 13C NMR 

analysis. The 1H NMR shifts for the C(O)‒CH‒C(O) proton of the β-diketonate anion 

appears within the 5.47‒6.05 ppm range for all compounds. This peak is shifted slightly 

downfield for [bta]‒ and [tta]‒ species compared to [fac]‒ and [fod]‒, due to the presence 

of aromatic groups in [bta]‒ and [tta]‒, appearing at 6.05 ppm and 5.89 ppm for [Ch][bta] 

and [Ch][tta], respectively, and at 5.86 ppm and 5.96 ppm for [P4444][bta] and [P4444][tta], 

respectively. 
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4. FTIR analysis 

FTIR absorption spectroscopy was employed to characterize the state of 

isomerization for the β-diketone moiety. It is known that β-diketones are prone to form 

stable enolates. Conjugation of the enolate form with the second carbonyl group (and, to 

a lesser extent, the stability gained in forming a six-membered ring with a counter ion) 

results in the observation of two peaks in the 1626–1695 cm‒1 region. That is, one peak is 

associated with the carbonyl functionality and the other arises primarily from the ‒C=C‒ 

alkene functionality. Peaks for the former appear at 1671 cm‒1 (1676 cm‒1) for [fac]‒, 

1639 cm‒1 (1638 cm‒1) for [fod]‒, 1640 cm‒1 (1635 cm‒1) for [bta]‒, and 1661 cm‒1 (1626 

cm‒1) for [tta]‒ in the [P4444]
+ derived salts, respectively (the parenthetical values are for 

the corresponding [Ch]+ salts). The peaks related to the partial double bond emerge, 

respectively, at 1691 cm‒1 (1691 cm‒1) for [fac]‒, 1695 cm‒1 (1691 cm‒1) for [fod]‒, 1690 

cm‒1 (1693 cm‒1) for [bta]‒, and 1693 cm‒1 (1695 cm‒1) for [tta]‒ within the [P4444]
+ 

([Ch]+) salts. It is noteworthy that for the salts containing [bta]‒ or [tta]‒, the peaks 

denoting C=C double bond character are found to be significantly broadened due to 

conjugation with the phenyl and thenoyl moieties, respectively. 

5. Thermal Properties 

 The thermal stabilities of the ILs were quantified using thermogravimetric 

analysis (TGA). The thermal decomposition temperature (Tdcp) was obtained at the onset 

of decomposition, defined by a 10% mass loss, with an uncertainty estimated to be on the 

order of 3‒5 °C (Table 1). The TGA traces shown in Figure 5 revealed several interesting 
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Table 1: Thermal properties of the β-diketonate ILs as determined from TGA and DSC analysis 

IL Tdcp/°C
a 

Tg/°C
b 

Tc/°C
b 

Tm/°C
b 

[Ch][fac] 83 –88 –27 19 

[Ch][bta] 172 –85 — c –25 

[Ch][tta] 181 –78 — c –20 

[Ch][fod] 194 —c 109 160 

[P4444][fac] 202 –75 –45 26 

[P4444][bta] 139 –72 — c –24 

[P4444][tta] 119 –76 — c –28 

[P4444][fod] 232 — c 82 100 
 

a
Tdcp is the temperature obtained from the TGA traces at which point 10% total weight loss had occurred. 

bObtained from DSC measurements. While Tc and 
Tm are taken at the onset of the transition, Tg corresponds 

to the mid-point of the transition. cAn em dash (—) indicates the transition was not observed in the DSC 
trace.  

 

features. Firstly, for both the [Ch]+ and [P4444]
+ series, the [fod]– anion gave the highest 

thermal stability (Tdcp values of 194 °C and 232 °C, respectively) and, in both cases, the 

mass loss profile was well-behaved, occuring in a single step. For ILs comprising the 

remaining three anions, the order of stability is reversed for the two parent cations. For 

the [Ch]+ cation-based ILs, Tdcp decreases in the anionic order [tta]– (181 °C) > [bta]– (172 

°C) >> [fac]– (83 °C), while for the [P4444]
+ series, Tdcp decreases in the order [fac]– (202 

°C) >> [bta]– (139 °C) > [tta]– (119 °C). While [Ch][tta] decomposes in essentially one 

discrete step, the remaining ILs [Ch][fac], [Ch][bta], [P4444][tta], [P4444][bta], and 

[P4444][fac] exhibit complex, multi-step weight loss processes. Such multi-step processes 
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have been reported previously for Brønsted acidic ILs.31, 106 Our results clearly 

demonstrate that both the cation and the anion play a decisive role in determining the 

thermal stability of these β-diketonate ILs. 

 

Figure 5: TGA traces for [Ch]+ (upper panel) and [P4444]
+ (lower) ILs measured under nitrogen at a 

scanning speed of 10 °C min–1. 
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Figure 6: DSC traces taken from the second heating cycle at a scanning rate of 2 °C min‒1 for [Ch]+ based 
(panel A) and [P4444]

+ based ILs (panel B). For [P4444][fod] and [Ch][fod], the second the second 
cooling cycle is also shown above the respective second heating curve. 
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Phase-transition temperatures, including melting point (Tm), glass-transition 

temperature (Tg) and crystallization temperature, (Tc) were measured using differential 

scanning calorimetry (DSC) and are reported in Table 1. The associated DSC traces are 

provided in Figure 6. These results reveal largely anion-dependent behaviour. Namely, 

ILs containing anions bearing unsaturated cyclic appendages (i.e., [tta]‒ and [bta]‒) have 

melting points in the –20 to –28 °C window, whereas ILs containing [fac]‒ melt close to 

room temperature and [fod]‒ based ILs have melting points of 100 °C or more. Upon 

cooling, the higher-melting salts [Ch][fod] and [P4444][fod] demonstrate distinct 

crystallization peaks at 109 °C and 82 °C, respectively. Exothermic peaks corresponding 

to shock-cooled melt crystallization (cold crystallization) where compounds form a solid 

glass upon cooling and then crystallize upon subsequent heating to temperatures above 

the Tg were observed for both [Ch][fac] and [P4444][fac] at –27 and –45 °C, respectively. 

The majority of these ILs exhibit Tg values between –72 and –88 °C, typical of 

conventional ILs.116 Both [Ch][tta] and [P4444][tta] have glass transitions that are followed 

by an endothermic relaxation peak. 

6. Viscosity 

The experimentally measured dynamic viscosities (η) for the five ILs having 

melting points below 298 K (i.e., [Ch][fac], [Ch][bta], [Ch][tta], [P4444][bta] and 

[P4444][tta]) at 298 K are reported in Table 2. The viscosities increase in the order 

[P4444][tta] < [Ch][fac] < [P4444][bta] < [Ch][bta] < [Ch][tta] and indicate no clear trend 

with the identity of the cation or anion. The temperature dependence of the viscosity was 
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Table 2: Summary of IL viscosities and associated parameters according to an Arrhenius model 

IL η
a
 

(cP)
 

10
–5

 x η∞ 

(cP) 

Ea,η
b 

(kJ mol
–1

) 
r

2 

[Ch][fac] 267 7.41 37.2 0.9972 

[Ch][bta] 505 1.31 43.1 0.9957 

[Ch][tta] 831 0.134 49.9 0.9931 

[P4444][tta] 120 5.60 35.9 0.9965 

[P4444][bta] 351 3.17 39.9 0.9966 

a At 298 K. bEa,η is the activation energy for viscous flow.   

 

studied for these five ILs over the temperature range 298–363 K and the data initially 

fitted using the logarithmic form of the Arrhenius equation, a form often used to describe 

the temperature dependence for non-associating electrolytes.117           

																																				ln��� = ln���� +	
�,��                              (1) 

Here, T is temperature in K, η∞ is the viscosity at infinite temperature, Ea,η is the 

activation energy for viscous flow, and R is the universal gas constant. A plot of ln η 

versus T–1 for representative β-diketonate ILs with the best linear fits given as solid lines 

is shown in Figure 7. From the best linear fit line, the parameters Ea,η and η∞ along with 

the correlation, r2, were calculated and recorded in Table 2. 

The temperature dependence of viscosity in liquids has been studied by countless 

researchers,26, 116, 118-120 and the Ea,η values recovered in this analysis are completely 

consistent with those reported for ILs having “non-coordinating” anions. The highest Ea,η 

values were recovered for choline-based ILs made from aromatic anions (i.e., [Ch][bta] 
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and [Ch][tta]). Since Ea,η represents the energy barrier that ions must overcome to move 

past one another, contributing factors to Ea,η can be either physical size, entanglement, or 

strong interionic interactions. For the [Ch][bta] and [Ch][tta] ILs, the higher Ea,η most 

likely arises due to the strong ionic interactions within these two ILs. At infinite 

temperature, however, the viscosity (i.e., η∞) is governed purely by the geometric 

structures of the constituent ions and thus other interactions which contribute to viscosity 

under ambient conditions are no longer present. Accordingly, [Ch][bta] and [Ch][tta] 

have the lowest η∞ values, indicating that the structural contributions from these ions is 

lower within these particular ILs. 

 

Figure 7: Temperature-dependent viscosities for the representative ILs [Ch][tta] and [P4444][tta]. The solid 
lines represent linear regression results from an Arrhenius-type analysis (eqn. (1)) while the 
dashed profiles denote the best fits for the VFT model (eqn. (2)). 
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While the measured viscosities of these ILs were reasonably well described by an 

Arrhenius model over the temperature range studied (r2 ≥0.9931), curvature in the ln η 

versus T
–1 profiles was evident in all cases (Figure 7). Similar behavior has been 

commonly observed by others and was found to be better described by a Vogel–Fulcher–

Tamman (VFT) model, especially for ILs having small, symmetric cations.116, 118, 121 

Therefore, we additionally fit our η(T) data to a VFT model of the form: 

																															ln��� = � +	 �
� − �� 																																							�2� 

where A, B, and  T0 are empirical constants (T0 generally represents the temperature of 

divergence where the configurational entropy of the system vanishes). The fits to this 

model returned correlation coefficients close to unity (r2 > 0.9992). From the recovered 

parameters shown in Table 3, Ea,η at 298 K was also determined by:122 

																																	��,� = �� � �
� − ���

�
																																			�3� 

Table 3: Summary of IL viscosities and associated parameters according to the VFT modela 

IL η 

(cP)
 

A B 

 

T0  

(K) 

r
2 

Ea,η
b 

(kJ mol
–1

)
 

[Ch][fac] 267 -2.813 1129.82 163.5 0.9999 46.1 

[Ch][bta] 505 -3.249 1276.68 163.2 0.9992 51.9 

[Ch][tta] 831 -2.830 1044.86 188.6 0.9993 64.4 

[P4444][tta] 120 -3.315 1114.51 160.4 0.9996 43.4 

[P4444][bta] 351 -2.778 1084.69 172.4 0.9999 50.8 

aAt 298 K. bEa,η is the activation energy for viscous flow. 
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The Ea,η values recovered from the VFT fits were 20–30% higher than Ea,η based on an 

Arrhenius assumption, but closely followed the same trend. In either case, there is a loose 

correlation between Ea,η and viscosity (r2 ≥ 0.97), an observation pointed out previously 

for a range of ILs.60 

7. Europium Studies 

Given the β-diketonate content of this family of ILs, we next explored their ability 

to recognize and sensitize Eu3+ emission in solution, as monitored by steady-state 

photoluminescence (PL) spectroscopy. For this purpose, luminescence emission spectra 

of 10 µM europium nitrate (Eu(NO3)3·5H2O) dissolved in ethanol were taken at regular 

intervals under UV excitation at 250 nm as a function of the quantity of added IL. The 

results of this PL titration experiment are summarized in Figure 8 using [Ch][bta] and 

[P4444][bta] as examples. In fluid solution, luminescence originates from the 5D0 level and 

terminates in the 7F0 (578 nm), 7F1 (595 nm), and 7F2 (615 nm) levels. In the absence of 

IL, Eu3+ in ethanol shows negligible luminescence. In contrast, luminescence is ‘turned 

on’ by complexation with the IL components, presumably a consequence of the 

formation of [Eu(bta)n]
3–n (n = 1–3) species in this case. By monitoring the relative 

intensity of the hypersensitive transition at 615 nm (shown in the Fig. 5B inset), it can be 

seen that the intensity increases as more equivalents of [X][bta] (X = Ch, P4444) are 

added, eventually plateauing after the addition of 4–7 equivalents of [bta]–. This indicates 

that [bta]– complexes with the lanthanide ion, allowing it to act as an effective antenna 

molecule for Eu3+ luminescence. 
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Figure 8: Photoluminescence ‘turn-on’ resulting from europium complexation by β-diketonate anions as 
(A) [Ch][bta] or (B) [P4444][bta] was increasingly added to an ethanolic solution of 10 µM Eu3+ 
(from the nitrate salt). The IL concentration-dependent luminescence intensity (L) monitored at 
615 nm is presented in the inset in the form (L–L0)/∆L (∆L = L∞–L0) where L0 is the 
luminescence response from the probe in the absence of ligand (i.e., [bta]–) and L∞ is the dilution-
corrected luminescence signal from Eu3+ at ligand saturation. λex = 250 nm.    

 



43 
 

Both [Ch][bta] and [P4444][bta] showed the same trend, however, we were 

surprised to learn that the choice of cation made a distinct difference. That is, [P4444][bta] 

resulted in turn-on at fewer equivalents than did [Ch][bta] but gave a weaker 

luminescence signal at saturation (compare the relative intensities in panels A and B), 

indicating a larger binding constant for [P4444][bta] and/or different complex speciation in 

the presence of the two cations. This result is not anticipated as the electrostatics do not 

favor association between [Eu(bta)n]
3–n and [X]+ for any n. In order to deduce the manner 

in which [bta]– binds to the Eu3+ center, double reciprocal plots were constructed using a 

Benesi–Hildebrand approach. Although the difficulty of making definitive assignments 

from these data should be recognized, it is noteworthy that a 1:1 [bta]–/Eu3+ stoichiometry 

yielded the best correlation coefficient for titration with [P4444][bta] but the [Ch][bta] data 

were best fit to a 2:1 stoichiometry. For ease of comparison, association constants for the 

adducts were computed under the crude assumption of a 1:1 stoichiometry. The 

calculated association constants (log K) were 4.26 and 4.34 for [Ch][bta] and [P4444][bta], 

respectively, suggesting that the strength of binding was only marginally higher for the 

[P4444][bta]. This result, when combined with the earlier turn-on seen for [P4444][bta] (Fig. 

5B inset), lends credibility to the intriguing notion that the identity of the cation might be 

generally useful for modulating the major [Ln(β-diketonate)n]
3–n species formed in  

solution for lanthanide (Ln) ions. An unanticipated outcome, this opportunity will be 

considered in future efforts.    

 As a final note, we also conducted experiments in aqueous media. Although 

similar luminescence turn on was seen, the solutions became optically turbid upon IL 

addition. A mixed aqueous–alcohol solution resolved this concern. Overall, the attractive 



44 
 

properties of these β-diketonate ILs suggest they may be extended to a number of 

lanthanide-based optical materials, sensing formats, and immunoassays. 

8. Acidochromic Properties 

The fact that our ILs are protic in nature and inherently deeply colored suggested 

potential in proton recognition. Using [P4444][tta] for illustration, due to its intense auburn 

or chestnut color, we tested the color change produced when a 2.3 vol% solution of 

[P4444][tta] in ethanol was subjected to increasing amounts of HCl. As is evident in Figure 

9, a dramatic color change from auburn to canary yellow is observed as the HCl content 

of the solution increases. This prominent color change originates in protonation of the 

[tta]– anion. However, even when less than 0.1 equivalents of HCl had been added, the 

solution was visually distinct from the initial solution. Moreover, the 1:1 ratio between 

the reacting proton and the transducing anion provides a clear prescription for tuning the 

 

 

 

Figure 9: The prominent visual color change from auburn to canary witnessed for a 2.3 vol% (~60 mM) 
solution of [P4444][tta] in ethanol as the HCl concentration increases (left to right) in the order 0, 
5.83, 17.3, 24.8, and 69.1 mM.    
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dynamic range over which the sensor is responsive, suggesting that these β-diketonate 

ILs could be implemented for fascinating visual proton recognition approaches, pH-

responsive inks, and so forth. 

9. Carbon Dioxide Capture Ability 

9a. Experimental studies of carbon dioxide capture 

 Given the fact that the ILs discussed in this work are composed of β-diketonate 

anions with electron rich centers, we näively assumed they might hold potential in 

chemisorptive CO2 capture. In a pilot attempt to validate this, we subjected 2.0 g amounts 

of various ILs to a 25 mL min‒1 CO2 flow under ambient conditions using a mass flow 

controller. To our displeasure, however, after a 3 h period, our ILs managed to capture a 

meagre 0.1 mole of CO2 per mole of IL. Furthermore, the CO2 captured appeared to be 

exclusively physisorbed, based upon our failure to observed new peaks arising in the 13C 

NMR and FTIR spectra of the CO2-added ILs. Consistent with this proposition, the 

captured CO2 was readily lost upon brief exposure to superambient temperatures as low 

as 60 °C. 

9b. Computational studies 

In order to better understand the mechanistic underpinnings of the highly 

inefficient capture of CO2 by this class of ILs, we carried out a number of molecular 

dynamics (MD) and ab initio calculations. Based upon the force field parameters 

developed for the [hfac]– anion and literature force field parameters for [Ch]+, the density 
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Figure 10: (a) Snapshot of an equimolar mixture of CO2 and [Ch][hfac] at 300 K and 1 bar obtained during 
a 10 ns NPT simulation. The anion is rendered as a surface while the CO2 molecules are shown 
as spheres with carbon shaded green and oxygen colored red. The [Ch]+ cation has been 
removed from the snapshot for clarity purposes. Notable is the fact that the intermolecular CO2 
clustering is more prevalent than the formation of favorable clusters between CO2 molecules 
and the [hfac]– species. (b) Representative radial distribution functions (RDFs) between 
different interaction sites on the [hfac]– anion and CO2 extracted from 10 ns NPT simulations. 
Shown in the inset is the atomic numbering used for the [hfac]– anion. The C2 (anion)–C (CO2) 
RDF is shown in red, the C3 (anion)–C (CO2) RDF is shown as a broken red line (it should be 
noted that these two RDFs should be degenerate, giving an indication of the practical 
reproducibility of these calculations), the C4 (anion)–C (CO2) RDF is displayed in green, the 
diketone oxygen interaction with CO2 carbon is shown in blue, intermolecular C–C interactions 
between neighbouring CO2 molecules are given as a black profile, and intermolecular C–O 
interaction between CO2 species is denoted in orange. 

 

of neat [Ch][hfac] was calculated to be 1.169 g cm–3 at 300 K and 1 bar, a value just 3% 

below the measured density of 1.206 g cm–3. Figure 10 shows a snapshot illustrating the 

interactions within an equimolar mixture of CO2 and [Ch][hfac] at 300 K and 1 bar. The 

right panel provides radial distribution functions (RDFs) for selected interactions within 

the mixture. There are essentially four main types of interactions between the [hfac]– 

anion and CO2. A broad plateau is seen in the 4–6 Å interval for both C2 (or the 

equivalent C3) and C4 atoms of [hfac]– interacting with the carbon of CO2, suggesting 
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fairly weak interactions in both cases. However, a weak peak is perceptible for the C2/C3 

atoms of [hfac]– with carbon of CO2 just below 5 Å, suggesting some degree of 

interaction between the two molecular species. The diketonic oxygen interaction with 

CO2 (blue profile) shows a peak around 4 Å. This indicates a certain degree of 

association with CO2, albeit not a very extensive one. On the other hand, the high 

amplitude peak around 4 Å in the carbon–carbon RDF between different CO2 molecules 

indicates strong intermolecular van der Waals interactions in contrast to the much weaker 

interactions of CO2 with the anion. It is of note that no conspicuous interaction is seen 

between [Ch]+ and CO2 throughout these simulations. 

 In order to further substantiate our MD simulation results and laboratory 

experiments, we performed ab initio calculations using Gaussian 09 on the [hfac]– anion 

interacting with a CO2 molecule. To explore the thermodynamic feasibility of the 

interaction of the [hfac]– anion with CO2, we looked into two types of intermediate 

configurations, as summarized in Figure 11. The first configuration (denoted 

configuration A) involves CO2 chemisorbed to the C4 atom of [hfac]–. Optimization of 

this structure at the B3LYP/6–31+g(d,p) level of theory and basis set yielded a final 

structure in which CO2 had desorbed from the [hfac]– anion, and now sits at an 

interaction distance of 3.2 Å. A similar outcome resulted when a second configuration 

(configuration B) involving the initial chemisorption of CO2 at a diketone oxygen of 

[hfac]– was tested. Again, CO2 desorption was apparent, with CO2 positioned at an 

interaction distance of 3.4 Å in the dissociated species. The free energies of reaction 

(∆Grxn) associated with the relevant processes, using model chemistry at the B3LYP/6-

31+g(d,p) level, are collected and shown below in Figure 11 for their respective 
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configuration. These ∆Grxn values clearly indicate that binding between CO2 and [hfac]– 

is highly unfavorable whether [hfac]– acts as a C- or an O-donor. 

 

 

Figure 11: B3LYP/6-311+g (d,p) optimized geometries for the reactants and products and the associated 
thermochemistry of the reaction between CO2 and [Ch][hfac] at 300 K. Configurations A and B 
involve intermediate states in which CO2 is chemisorbed to the [hfac]– anion at C4 or a diketone 
oxygen, respectively. Both of these configurations proved unstable as they resulted in the 
expulsion of CO2. Therefore, both reaction A and B can be considered thermodynamically 
infeasible as the free energy of reaction is decidedly positive in both cases. 
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Figure 12: (a) Schematic diagram for the transfer of a single CO2 molecule from an IL-rich phase to 
vacuum. The [Ch]+ cation is rendered as a gray surface, [hfac]– is surface rendered in white, and 
CO2 is shown as space-filled sphere. The arrow suggests the direction of CO2 transfer with force 
F

u in the Z reaction coordinate. (b) The free energy of solvation profile generated with ABF–
MD for CO2 transferred from a [Ch][hfac]-rich phase to vacuum. Six windows of 5 Å bin width 
each in the z-direction were used to compute the potential of mean force.    

 

Finally, ABF–MD simulations were performed on a single CO2 solute with 70 ion 

pairs of [Ch][hfac] in a 30 Å box at 300 K. Figure 12b shows the potential of mean force 

profile as a function of the reaction coordinate as obtained from the ABF–MD 

simulations. The free energy of solvation for CO2 in [Ch][hfac] was computed based on 

the difference in the free energy of the first window (i.e., CO2 in an IL-rich phase) and 

the last window (CO2 in the vapour phase) of the ABF–MD simulation. The slightly 

positive ΔG of +0.13 kcal mol–1 for the CO2 free energy of solvation suggests that 

[Ch][hfac] does not prefer interactions with CO2. Based on the whole of these 

computational calculations, we can easily see that, in retrospect, [Ch][hfac] (and, by 

extension, β-diketone ILs in general) was indeed a poor choice to consider as a medium 
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for CO2 absorption. On a more encouraging note, these results strongly argue for a 

leadership role of computational chemistry in guiding IL design choice prior to setting 

foot in the laboratory. 

v. Conclusion 

 In this work, we have introduced a special class of ILs containing the β-diketonate 

anion which are easily prepared using a convenient, high-yield, one-pot route with 

excellent scalability. The physicochemical properties of these new ILs were 

systematically characterized, a half dozen of which display melting points falling near or 

below room temperature. Owing to the in-built chelation capacity of the β-diketonate 

group, these ILs respond to the presence of lanthanide ions such as Eu3+ with intense 

luminescence turn on signifying the complexation reaction. We have also demonstrated a 

dramatic acidochromism corresponding to a visible colorimetric switching upon exposure 

to acid. Computational studies proved handy in clarifying the weak CO2 capture ability of 

this class of ILs on the basis of thermodynamics and steric effects. In all, these new β-

diketonate-based ILs (as well as analogues not directly reported herein) are highly 

accessible synthetically, offer beneficial qualities, and hence hold excellent application 

potential in a host of areas 
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CHAPTER 4: SUPERBASE FORTIFIED DEEP EUTECTIC 

SOLVENTS FOR CARBON DIOXIDE CAPTURE 

 

i. Abstract 

A deep eutectic system of choline chloride and glycerol along with a superbase 

was shown to capture up to 124 mg of CO2 per g of reagents. Different bases and system 

composition were also investigated. The system could also be easily reversed upon 

heating under nitrogen. The optimal system for CO2 capture was found to contain a 1:2 

ChCl:Gly DES mixture mixed with the superbase, DBN, in a  1:3.5 Gly:DBN  molar 

ratio. 

ii. Introduction 

We developed a novel CO2 capture system using a DES of choline chloride 

(ChCl) and glycerol (Gly) along with a superbase (structures shown in Figure 13). ChCl 

and Gly are of interest since they are green and cheap.123, 124 The superbase is thought to 

deprotonate the alcohol groups of ChCl and Gly. The resulting anion would then react 

with CO2, forming salts, under ambient conditions. (Figure 14) 

 The effect of different superbases and molar ratios of ChCl, Gly, and superbase 

on CO2 capture capacity and absorption rate was investigated. The reversibility and 

effectiveness of the system over a few cycles further examined. As a result, we developed 

a novel system for CO2 capture which was easily released by heating under nitrogen. We 

also found that only a fraction of the CO2 capture potential of the system was utilized. 
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Figure 13: Structures of (a) DES precursors and (b) superbases used for CO2 capture in this chapter. 

 

 

 

Figure 14: Reaction scheme showing how CO2 is captured using a superbase such as DBN. First, the 
superbase deprotanates the alcohol groups on ChCl or Gly. The resulting alcohol anion would 
then bind to CO2 and capture it, forming a complex. This captured CO2 can be easily released 
upon heating under nitrogen. 
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iii. Experimental 

1. Materials 

CO2 of industrial grade was ordered from Airgas. Reagents for the DES mixture, 

Choline chloride (≥99 wt% Aldrich) and glycerol (≥99.5 wt% Sigma), were used as 

purchased. The following superbases were used as purchased: 1,5-Diazabicyclo[4.3.0]-

non-5-ene (DBN) (≥98 wt% Fluka), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

(MTBD) (98 wt% Aldrich), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (≥99 wt% 

Fluka), 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (TBD) (98 wt% Aldrich), and 1,4-

Diazabicyclo[2.2.2]octane (DABCO) (≥99 wt% Sigma-Aldrich). 

2. Synthesis and CO2 capture 

 To study this novel system, a DES of ChCl and Gly was prepared in a 1:2 and 1:3 

molar ratio respectively according to Abbott.96 More specifically, ChCl was added into 

Gly at 80°C under stirring. The solution was stirred for about 1 hour and the resulting 

solution was clear and homogeneous. The DES solution was then dried overnight under 

vacuum using a Welch 8907 vacuum pump. The resulting DES solution had a noticeably 

lower viscosity in neat glycerol as reported by Abbott.96 

In order for the DES mixture to capture CO2, the alcohol (OH) groups of ChCl 

and Gly (1 and 3 OH groups respectively) had to be deprotonated. The resulting anion 

could then bind to CO2. This generalized reaction scheme is shown in Figure 14. To 

deprotonate the alcohol, we added a superbase of DBN, MTBD, or DBU under stirring. 

The amount of base added to the DES mixture varied from 0.43 to 1.14 moles of base per 

OH group to examine its effect on CO2 capture. The structure of ChCl, Gly, DBN, 
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MTBD, and DBU are shown in Figure 13. Few other bases, such as DABCO, TBD, and 

sodium hydroxide were tested as well. However, the later set of bases resulted in solid or 

highly viscous gel formation and thus not further tested. 

 

 

Figure 15: Basic experimental set-up for the Schlenk line, CO2 capture, and CO2 release that can be used 
for this project. For the Schlenk line, the vacuum pump (Vac) would be used along with the 
pressure meter (P) to ensure low pressure was achieved. For CO2 capture, current valve 
configurations would be used to bubble in CO2 under stirring and ambient conditions. For CO2 
release, N2 and heat, from the hot plate and heating block (not pictured) will be applied to the 
mixture. Flow meters (Fl) are used to control the gas flow rates. 

 

After preparing the DES and superbase mixtures, CO2 capture and release 

experiments were completed. The basic set up that was used is shown in Figure 12 

(Notes: experiments done in this project were set up separately. However in the figure, 

valves are placed to switch between different experiments, in order to show the manifold 

line, CO2 capture, and CO2 release schematics in one figure.) To capture CO2, CO2 was 

bubbled in at 50 mL/min using a CO2 specific mass flow controller, (GFC 17) from 
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Aalborg, into a known initial weight of the DES and superbase mixture under stirring at 

ambient conditions. The weight of the mixture increased over time corresponding to the 

amount of CO2 captured. After capturing CO2, the reversibility of the process was 

investigated by bubbling in nitrogen (N2) and heating the mixture to 60 °C. The weight of 

the mixture decreased over time which corresponded to the release of CO2. For both the 

CO2 capture and release experiments, the weight of the mixture were recorded over time. 

After 35 minutes, no significant additional amount of CO2 was captured/released 

respectively. 

3. Instrumentation 

To characterize and confirm CO2 capture, 13C Nuclear Magnetic Resonance 

(NMR) spectroscopy-Bruker ARX-300 Ultrashield as well as Infrared spectroscopy-

Nicolet Nexus 670 (FTIR) were used.  

iv. Results and Discussion 

1. Characterization 

 A sample CO2 capture experiment was conducted using DBN following the 

procedure listed in the experimental section. Before analyzing the data, 13C NMR and 

FTIR was used to confirm that CO2 was being captured by chemically bonding on to the 

DES and superbase. For both instruments, a sample of 1:2 ChCl:Gly and 1:3 Gly:DBN 

molar ratios without CO2 was compared to a sample immediately after bubbling in CO2 

(only 1 phase present). In the 13C NMR, the sample containing CO2 had an extra peak 

around 160 ppm, which corresponded to CO2 (Figure 16). In the FTIR spectrum for the 
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CO2 sample, an extra peak appeared around 1650 cm–1 indicating the presence of a 

C=NH bond (Figures 17 and 18). Furthermore, an extra peaked appeared around 1380 

cm–1 identifying a symmetric CO2 stretch. A broad decreasing peak around 1600 cm–1 

may be due to an overlapping asymmetric CO2 stretch. These peaks confirmed that CO2 

was captured by this system and that the superbase deprotonated the alcohol group as 

shown in the reaction scheme in Figure 14.  

As will be indicated later, two phases would form after allowing a sample 

containing CO2 to sit overnight. The two phases were analyzed separately by FTIR 

spectroscopy. By comparison to Figures 17 and 18, FTIR confirmed the presence of CO2 

in both phases (Figures 19 and 20). The top phase had a relatively prominent peak around 

1590 cm–1 and 1380 cm–1 corresponding to asymmetric and symmetric stretches of CO2 

respectively. However, the peak around 1650 cm–1 was absent, indicating that the 

protonated DBN was absent in the top phase. The bottom phase had a broad overlapping 

peak around 1600 cm–1 and a peak around 1380 cm–1 indicating the presence of 

asymmetric and symmetric stretches of CO2 respectively. Unlike the top phase, the 

bottom phase had a peak around 1650 cm–1 corresponding to the presence of the 

protonated DBN. As a result, after completing the CO2 capture experiments, both the 13C 

NMR and FTIR confirmed the presence of CO2 chemically bonding onto superbase 

deprotonated OH groups on glycerol and choline. 
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Figure 16: 13C NMR spectrum taken for a 1:2 ChCl: Gly and 1:3 Gly:DBN molar ratio sample before and 
immediately after capturing CO2 (one phase). The CO2 sample had an extra peak around 160 
ppm which corresponds to CO2. 
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Figure 17: FTIR spectrum taken for a 1:2 ChCl:Gly and 1:3 Gly:DBN molar ratio before and immediately 
after capturing CO2 (one phase). After capturing CO2, an extra peak was observed around 1380 
cm–1 (*) corresponding to the presence of a C=O stretching bond verifying the presence of 
CO2. A C=NH stretching peak was also present around 1650 cm–1 (x) confirming that the 
superbase deprotonated the OH groups.  
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Figure 18: The full FTIR spectrum taken for a 1:2 ChCl:Gly and 1:3 Gly:DBN molar ratio sample 
immediately after capturing CO2. A peak around 1380 cm–1 is present indicating the presence 
of a C=O stretching bond and thus CO2. 
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Figure 19: FTIR spectrum taken to compare the top and bottom layers of a sample containing 1:2 
ChCl:Gly and 1:3 Gly:DBN molar ratio after CO2 capture and allowing the mixture to sit 
overnight and separate into two phases. Furthermore the FTIR spectrums of the two layers are 
compared to those from Figure 17. Both layers had peaks around 1600 and 1380 cm–1 (*) 
verifying the presence of CO2. A peak around 1650 cm–1 (x) was present in the bottom layer but 
absent from the top layer revealing that the protonated superbase was only present in the bottom 
phase. 
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Figure 20: The full FTIR spectrum taken for the top, less viscous, layer and the bottom viscous layer for a 
sample containing 1:2 ChCl:Gly and 1:3 Gly:DBN molar ratio after CO2 capture. Both layers 
had CO2 streteching peaks around 1600 and 1380 cm–1. The noticeable difference in peaks occur 
around 1650cm—1. As a result the bottom layer has an extra C=NH peak showing the presence 
of protonated superbase where as the top layer does not. 

 

2. CO2 Capture 

2a. Type of base 

After confirming CO2 capture, the type of superbase in the DES and superbase 

system was optimized for CO2 capture. To compare bases, each mixture contained a 1:2 

(ChCl:Gly) DES mixture with a 1:3 Gly to base ratio. Of the bases tested, DBN 

performed the best, capturing 124 mg CO2 per g of reagents (DES and base) or 
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equivalently 0.43 moles CO2 per OH group or 0.50 moles CO2 per moles of superbase. 

MTBD captured 100 and DBU 35.5 mg CO2 per g of reagents (or equivalently 0.40 and 

0.14 moles CO2 per OH group or 0.47 and 0.17 moles CO2 per moles of superbase 

respectively) (Figures 21-23). For a kinetic analysis, the first 5 minutes of the system was 

analyzed. DBN, MTBD, and DBU initially captured CO2 at a rate of 6.74, 3.84, and 0.98 

mg CO2 per g reagents per minute. Thus a system of ChCl, Gly, and DBN or MTBD to a 

lesser extent adequately captured CO2. 

 

Figure 21: A plot of the mg of CO2 captured per g of reagent used for three different bases: DBN, MTBD, 
and DBU. For these systems, a 1:2 ChCl:Gly DES mixture was used along with a 1:3 DES:Base 
molar ratio. 
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Figure 22: A plot of the moles of CO2 captured per OH group for three different bases: DBN, MTBD, and 
DBU. For these systems, a 1:2 ChCl:Gly DES mixture was used along with a 1:3 DES:Base 
molar ratio. DBN was the best at utilizing the OH groups closely followed by MTBD and lastly 
DBU. 

 

Figure 23: A plot of the moles of CO2 captured per moles of superbase for three different bases: DBN, 
MTBD, and DBU. For these systems, a 1:2 ChCl:Gly DES mixture was used along with a 1:3 
DES:Base molar ratio. DBN was the most efficiently using the superbases closely followed by 
MTBD and lastly DBU. 
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Figure 24: Image taken for a sample containing 1:2 ChCl:Gly and 1:3 Gly:DBN molar ratios. Vial A 
shows the initial sample containing the DES and DBN which was a milky white liquid. Vial B 
shows the DES and DBN sample (with blue stir bar) after CO2 addition. After sitting overnight, 
two phases formed: a clear liquid on top and white gel on bottom. 

 
By looking closer at the Figure 23 and the ratio of the moles of CO2 captured per 

OH group, the CO2 binding sites could be analyzed. Perhaps not all of the OH groups 

were thermodynamically feasible to be deprotonated and only one of three OH groups on 

Gly actually binded with CO2. Thus a conversion of 3 moles of reagents (ChCl and 2 

Gly) to 7 OH groups could be used. As stated above, DBN, MTBD, and DBU captured 

0.43, 0.40, and 0.14 moles of CO2 per OH group. Using the conversion above, these 

ratios became 1.00, 0.94, and 0.33 moles of CO2 per mole of reagent. This suggested that 

for DBN and MTBD, each mole of ChCl and Gly captured one mole of CO2. However, 

since 33% of the DES was from ChCl, perhaps in the DBU system, only the ChCl was 

deprotonated and able to capture CO2. 

Observations during these experiments suggested that the viscosity of the 

mixtures had a large influence on the rate of CO2 capture. After adding a base to the 
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colorless DES mixture, the mixture became cloudy and white (Figure 24a). For the DBN, 

MTBD, and DBU systems, the viscosity increased as more CO2 was captured over time. 

This increase in viscosity decreased CO2 diffusion and absorption rate. Furthermore, after 

35 minutes, the amount of CO2 captured became insignificant. DBN became noticeably 

more viscous after 16 minutes. In addition, the DBN system ended up separating into two 

phases: a more viscous white liquid on bottom and a less viscous clear liquid on top 

(Figure 24b). Most of the sample was contained in the bottom phase. MTBD became 

noticeably more viscous after 6 minutes and ended up forming a gel. This may be why 

MTBD captured a lower amount of CO2 compared to DBN. DBU showed only a slight 

increase in viscosity, which was not as noticeable as the other two systems. This was 

expected as the DBU system only captured a small amount of CO2. The mixture also 

separated into two phases where most of the sample was in the less viscous phase. From 

this small sample size, it seemed that the larger the ratio of the bottom to top phase, the 

more CO2 was captured. From these results, perhaps the bottom phase would be where 

most of the CO2 would be contained. Otherwise, as seen in the FTIR spectra from Figure 

19, only the deprotonated superbase was present in the bottom phase. Thus, perhaps DBU 

was poor at deprotonating the OH groups from ChCl and Gly and thus giving poor CO2 

capture results and a relatively small amount of the bottom phase. 

 Comparing the three bases, the results showed that the basicity of the base had no 

significant effect on their CO2 capture ability. In terms of capturing CO2, DBN was the 

best, MTBD was slightly less efficient, and DBU was poor. However, the MeCNpKa values 

were 25.44, 24.33, and 23.89 for MTBD, DBU, and DBN respectively. For comparison, 

the pKa values were and 13.9 and 14.15 for ChCl and Gly respectively.125 Thus all three 
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superbases should be able to easily deprotonate ChCl and Gly. Instead, the structure of 

the base played an important role. Comparing the structures of DBN, MTBD, and DBU 

(Figure 13), a larger bicyclic ring structure (9, 10, 11 atom ring structure respectively) 

resulted in a decrease in CO2 capture. Due to DBN being the best at capturing CO2 and 

less expensive, only DBN was used for further experiments.  

2b. Amount of base 

Next, the concentration of superbase was varied to investigate its effect on CO2 

capture. Thus a 1:2 (ChCl:Gly) DES mixture was used with varying amounts of DBN 

added: Gly:DBN molar ratio of 1:1.5, 1:3, 1:3.5, or 1:4 (0.43, 0.86, 1.0, or 1.1 mol of 

DBN per OH group). From the results shown in Figure 25, the 1:3.5 system captured the 

most CO2, 105 mg CO2 per g of reagents. The 1:3 and 1:4 systems followed closely 

behind capturing 103 mg CO2 per g of reagents. And as expected, the 1:1.5 captured the 

least amount, 96 mg CO2 per g of reagents. (Note: A large batch of the DES of ChCl and 

Gly was made. Initial experiments using the DES for CO2 capture in the 1:3 and 1:4 

superbase systems resulted in capturing 124 and 121 mg per g reagents. However, as the 

DES aged over time, the same experiments only captured 103 mg for both the 1:3 and 1:4 

superbase systems. All experiments given for a particular optimization parameter were 

made on the same day.) The moles of CO2 captured per OH group was also analyzed and 

shown in Figure 26. In order of increasing base added, the moles of CO2 captured per OH 

group were 0.22, 0.36, 0.41, and 0.44. From this analysis it was found that as more DBN 

was added, more OH groups would be utilized for capturing CO2. A third analysis was 

done by calculating the moles of CO2 captured per mol of DBN to determine the most 

efficient utilization of the superbase (Figure 27). It was found that as more DBN was 
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added, DBN was utilized less efficiently. By looking at the mg CO2 per g of reagents and 

the mol of CO2 captured per mol of DBN, the 1:3 system was the most efficient. 

 

Figure 25: A plot of the mg CO2 captured per g of reagent for different DES:DBN molar ratios. The DES 
mixture used was a 1:2 ChCl:Gly solution with a DES:DBN molar ratio varying form 1:1.5 to 
1:4. The 3 and 4 ratios were similar with the 3.5 system slightly better. 
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Figure 26: A plot of the moles of CO2 captured per OH group for different Gly:DBN. The DES mixture 
used was a 1:2 ChCl:Gly solution with a Gly:DBN molar ratio varying form 1:1.5 to 1:4. As a 
result, the higher the ratio, the more OH groups were utilized. 

 

Figure 27: A plot of the moles of CO2 captured per mole of DBN for different Gly:DBN ratios. The DES 
mixture used was a 1:2 ChCl:Gly solution with a Gly:DBN molar ratio varying form 1:1.5 to 
1:4. As a result, the lower the ratio, the more efficiently the superbase was utilized. 
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 In the above experiment, the viscosity of the samples again affected the CO2 

capture kinetics. The 1:1.5 system was noticeably more viscous than the other systems 

initially after adding the base. Furthermore after capturing CO2 for 6 minutes, the 

viscosity was comparable to the 16–35 minute mark of the other systems. The high 

viscosity of this system along with the lower amount of base may have contributed to the 

relatively poor capture of CO2. However, as more base was added, the resulting mixtures 

became less viscous. This may be due to less utilization of the superbase as more was 

added. Another reason may have been due to having an excess base solution which would 

slow down the gel formation and overall decrease the viscosity of the mixture. This 

would then lead to higher moles of CO2 captured per OH group as shown before. 

However, as the amount of base added reached the 1:4 ratios, the increase in activating 

more OH groups lowered the mg of CO2 captured per g of reagents. Furthermore, going 

up to the 1:3.5 and 1:4 ratios lowered the utilization and efficiency of the superbase in 

capturing CO2.  From these results the 1:3 system gave the best result. 

2c. ChCl and Gly DES ratio 

Next, the ratio of ChCl and Gly in the DES mixture was varied to determine its 

effect on its CO2 capture ability. A 1:3 molar ratio of ChCl:Gly was prepared to compare 

to the 1:2 mixture. For both systems 1 mole of DBN was added per mole of OH group 

(ChCl:DBN molar ratio of 1:3.5 and 1:3.33 for the 1:2 and 1:3 systems respectively). As 

Abbott demonstrated, the 1:3 DES mixture (25% ChCl) had a higher viscosity than the 

1:2 mixture (33% ChCl) by 100 cP. Thus, we expected that the 1:3 mixture would 

capture less CO2 than the 1:2 mixture. However, after 35 minutes of bubbling CO2, 

similar amount of CO2 was captured for both mixtures. The 1:2 and 1:3 mixtures 
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captured 105 and 104 mg per g of reagents or 0.41 and 0.39 mole CO2 per OH group (or 

per moles of superbase) respectively (Figures 28 and 29). Within the first 10 minutes, the 

1:3 mixture captured more CO2 and at a faster rate than the 1:2 mixture. After 10 minutes 

the 1:2 mixture captured CO2 at a faster rate than the 1:3 mixture and eventually captured 

more CO2 than the 1:3 system.  

 

Figure 28: A plot of the mg of CO2 captured per g of reagent for different ChCl:Gly molar ratios. 1 mole 
of DBN per OH group was used for both systems. As a result, the 1:3 DES mixture captured 
CO2 at a faster rate than the 1:2 mixture within the first 10 minutes becomes slower after 10 
minutes. 
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Figure 29: A plot of the moles of CO2 captured per OH group for different ChCl:Gly molar ratios. Since 
the number of OH groups is equal to the moles of superbase used, a plot of the moles of CO2 
captured per moles of superbase would result in the exact same plot. 1 mole of DBN per OH 
group was used for both systems. As a result, the 1:3 DES mixture utilized the OH groups more 
efficiently than the 1:2 mixture within the first 10 minutes. However, after 10 minutes, the 
viscosity of the 1:2 was < 1:3 mixture causing the 1:2 mixture to perform better. 

 
 Because of the small effect of the DES composition, lower ChCl: Gly ratios were 

not tested. This was because the increase in viscosity would be <<100cP and no 

significant change would be expected. However, a large increase in viscosity would be 

observed using a small mol% of ChCl, say 10% or less, and may cause problems in 

capturing CO2. Overall, as long as the mol% of ChCl is greater than 10%, the 

composition of the ChCl and Gly DES mixture would have little effect on CO2 capture. 
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3. CO2 release, reversibility, and recyclability 

After testing different types of superbases, amount of superbases added, and 

different ChCl:Gly DES composition, the reversibility of these systems capturing CO2 

was tested. For this experiment a 1:2 ChCl:Gly mixture with a ChCl:DBN molar ratio of 

1:4 was tested for capturing and releasing CO2 over three cycles. For all three cycles, the 

weight started to become steady after 35 minutes of capturing CO2 and released most of 

the captured weight after another 35 mintues. Over three cycles, the CO2 capture capacity 

dropped from 103 to 85 mg CO2 per g of reagents (Figure 30). However, this drop in 

capacity may not have been only caused by the loss in CO2 capacity. After the 3rd cycle, 

the sample was heated for an additional 20 minutes and the weight fell below the initial 

weight.  

The loss of weight may have resulted due to the decomposition of a compound in 

the mixture as shown in the TGA results in Figure 31. From the TGA results, the 

decomposition temperature (Tdcp) was measured to be when the sample lost 10% of its 

weight. The DES of ChCl and Gly was highly stable decomposing at 211.3 °C. However 

after the addition of DBN, the Tdcp was at 119.6 °C with a second step around 200 °C for 

the DES. With the addition of CO2 the Tdcp drops to 93.5 °C with a second step around 

200°C. However in the DES and DBN plot, even before the Tdcp was reached, small 

amounts of mass started to decompose around 40 °C. Thus the observed weight loss may 

have been due to a slow decomposition of a DBN related compound from holding the 

temperature at 60 °C for 35 min. Otherwise, some of the mixture may have been lost by 

being bubbled out of the vial or lost through the pipette (attached to CO2 line) when 

transferring the sample from the hot plate to the balance. Overall these ChCl, Gly, and 
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superbase systems easily captured CO2 and released simply by heating the mixture under 

N2. 

 

Figure 30: A plot of the reversibility of the amount of CO2 absorbed/desorbed over three cycles for a 1:2 
ChCl:Gly molar ratio mixture with a Gly:DBN 4:1 molar ratio. Over three cycles, the CO2 
capacity dropped slightly. After further heating after the third cycle, the weight of the sample 
was less than the initial weight. 

 

Figure 31: Stability of DES of ChCl and Gly with and without DBN and CO2 were given by TGA analysis. 
The addition of DBN to the DES mixture lowered the Tdcp of the solution. 
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However, interesting observations were made during the reversibility experiment. 

As mentioned earlier, the initial ChCl, Gly, and DBN mixture was cloudy white in color 

(Figure 24 a). After capturing CO2, a viscous solution was obtained which eventually 

separated into two phases: a white viscous bottom phase and a clear less viscous top 

phase (Figure 24 b). After heating, the mixture became a liquid that had a relatively low 

viscosity and light orange in color (Figure 32c). After capturing CO2 for a second time, 

two phases again formed. The bottom phase was a highly viscous white liquid whereas 

the top phase was a dark orange liquid (Figure 32d). 

 

 

Figure 32: Images taken for a sample containing 1:2 ChCl:Gly and 1:3 Gly:DBN molar ratios. Vial C 
shows the result of releasing CO2 by heating vial B (Figure 24b) under nitrogen (with blue 
stirbar and broken pipette tip). The color changed from white to light orange liquid. Vial D 
shows the sample after recapturing CO2 from vial C. Two phases again formed: a orange liquid 
on top and a white gel on bottom. 

 
Despite the ChCl, Gly, and superbase systems capability in capturing and 

releasing CO2 there were limitations preventing the system to perform at its full potential. 

One limitation was due to mass transfer limitations. As mentioned before, the viscosity of 

the mixtures increased as more CO2 was being captured. This would then slow down the 
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CO2 diffusion rate and kinetics of CO2 capture. Another limitation may be due to 

thermodynamics. After deprotonating one OH group on Gly with a base, it may have 

been unfavorable for a second and third OH group on Gly to deprotonate and form an 

unstable compound with 2 or 3 anion groups (O–). Thus the reaction may proceed by 

deprotonating one OH group which then binds with CO2 before deprotonating a second 

OH group off Gly depending on the thermodynamic feasibility. However, the solution 

became viscous after the first addition and further reactions would become slow and 

unfavorable due to mass transfer limitations. Perhaps, if more energy was added to the 

system, more OH groups could be deprotonated. A third limitation in this system may 

have come from poor mixing of the base with the ChCl and Gly mixture at ambient 

conditions. Vigorous stirring at elevated temperatures was needed to ensure good mixing. 

However, when capturing CO2, ambient conditions were used and thus the poor mixing 

of the solutions may have slightly affected CO2 capture. But despite these limitations, 

adequate CO2 capture was obtained for the ChCl, Gly, and superbase mixture. 

v. Conclusion 

After testing CO2 capture for various types of superbases, ChCl:Gly ratios, and 

Gly:base ratios, we found that the best system was the one that contained a 1:2 ChCl:Gly 

DES mixture along with a 1:3.5 Gly:DBN  molar ratio. This type of system with DBN 

could capture up to 124 mg of CO2 per g of reagents. These mixtures could also be easily 

reversed by releasing CO2 via heating the mixture under N2 over a few cycles. However, 

there were some limitations in the system including the increase in viscosity as well as in 

deprotonating multiple OH groups at one time. If we can overcome these limitations, a lot 

more CO2 (up to 1 mol CO2 per OH group) could be captured. 
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CHAPTER 4: CONCLUSION 

 

 Novel ILs and DESs system and their synthesis, characterization, and potential 

applications including CO2 capture, europium luminescence enhancement, and proton 

sensing was presented in the previous chapters. 7 novel ILs (6 RTILs) containing the β-

diketonate anion were prepared. All 8 of the solutions varied in shades of red, orange, and 

yellow. Unlike most other synthesis procedures presented in chapter 2, these ILs were 

prepared in a simple one-pot reaction under an ice bath resulting in a high yield. The ice 

bath was needed to ensure the precursors remained a liquid due to the exothermic nature 

of their reaction. Also the only byproduct of the reaction would be water which could be 

easily removed. The choline ILs were all miscible in water and thus a lyophilizer and a 

vacuum drying process was need to remove water. On the other hand, the P4444 ILs were 

all immiscible in water. Thus, water was removed from the P4444 ILs by pipetting the 

water phase out, washed, and dried under a vacuum. From these results, the miscibility of 

the ILs in water seemed to be dependent on the cation used. After synthesizing the ILs 

from the simple process, the ILs were characterized. 

 MS, NMR, and FTIR were then used to characterize and confirm that the desired 

ILs were synthesized in high yield and purity. Furthermore, TGA analysis showed that 

the choline ILs fully decomposed around 225-250 °C whereas the P4444 ILs fully 

decomposed around 300-350 °C. Most of the choline ILs decomposed in a single step 

whereas the P4444 ILs mostly decomposed in multiple steps. Furthermore, the stability of 

the ILs were greatly affected by both the cation and anion. The DSC results revealed that 
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the ILs with [fod] anion had a melting point near or above 100°C. In fact, the melting 

point of [Ch][fod] was well above 100 °C and thus does not fit the definition of ILs given 

earlier. 5 of the ILs were shown to have a melting point below RT and 1 other IL had a 

melting point slightly above RT. The general trend of the glass transition point, 

recrystallization point, and melting point seemed to have large anion dependent effects. 

The viscosity of the 5 RTILs were also measured over a temperature range. No clear 

cation or anion dependence was observed. Using the above data fitted with the linearized 

Arrhenius equation and the VFT model, activation energies were calculated. The above 

characterization techniques confirmed that high quality ILs were obtained in high yield as 

well as determine some of the physical properties of the ILs. 

Different applications using these β-diketone ILs were then investigated. Pure 

lanthanides, such as Eu, were difficult to excite luminescence as no peaks were observed 

under fluorescence. However, due to the chemical nature of β-diketonate groups, it was 

shown that our ILs could complex with lanthanide ions such as Eu3+ which would give 

off an intense luminescence. The peak at 615 nm was analyzed as a function of IL 

concentration. As more IL was added, the peak increased at first due to the formation of 

more IL and Eu bonds. At the peak intensity, the ideal bonding ratio between IL and Eu 

was achived. However, as more IL was added, the solution had an excess of IL and 

started to dilute the solution causing a decrease in peak intensity. A second application of 

the β-diketone ILs was shown in that protons could bond with the β-diketonate groups. 

As more protons were present and bonded to the IL, an intense color change from a deep 

red to yellowish solution was observed. Despite the success in the former applications, 

these ILs were not successful in capturing CO2 as initially hoped. However, 
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computational models were developed to predict and show that the β-diketone ILs were 

indeed unable to chemically bind with CO2 due to the weak interaction between the IL 

and CO2. Furthermore, the models showed that the CO2 molecules aggregated together 

due to their strong Van dew Waals force between one another. The Gibbs free energy of 

reaction and solvation were calculated showing a positive Gibbs free energy making the 

reaction thermodynamically infeasible. Despite the unsuccessful attempt at capturing 

CO2, the computational models demonstrated the ability to guide IL design choice before 

testing in the lab. 

 A second DES system was then tested for CO2 capture. A novel system with a 

DESs of ChCl and Gly along with a superbase was shown to have the ability to capture 

CO2. The advantage of this system is that ChCl and Gly are green compounds. This 

system could capture CO2 due to the ability of the superbases to pluck off the hydrogen in 

the hydroxide groups in ChCl and Gly. This anion can then bind CO2. FTIR and NMR 

results confirmed that the DES and superbase system chemically bonded with CO2. 

Furthermore, the captured CO2 could be easily released upon heating under N2. However 

after 3 cycles, the CO2 capacity decreased. Further heating after 3 cycles resulted in the 

weight going below the initial mark. From the TGA analysis of the DES with and without 

DBN and CO2, a compound involving DBN or its conjugate acid form was decomposing 

lowering the CO2 capacity. 

 The main drawback of this system is that as CO2 was being captured, the solution 

increased in viscosity slowing down the CO2 diffusion and reaction rate. Thus, the 

capture rate became slow before all of the OH groups and superbase added to the mixture 

was utilized. Thus a future project could be to find a way to keep the viscosity low to 
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fully utilize the reagents and capture more CO2. In addition, the solution separated into 

two phases. FTIR was taken for each phase and compared with samples before and after 

capturing CO2. As a result, both phases contained CO2. However, the bottom viscous 

phase contained the protonated superbase (C=NH stretch), while the top phase did not. 

More experiments could be done in the future quantify the exact composition of the top 

and bottom phases to see where most of the CO2 was stored  and to investigate what was 

causing these two phases to separate. 

 Overall, both systems were relatively easy to make and perhaps easily scalable 

compared to other ILs. Both systems have also shown their potential uses in many 

important applications in many different areas. The full potential applications have not 

been fully explored and offer many exciting new projects to further utilize these systems. 


