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Chapter 1 Literature review of switchable ionic liquids 

1.1 History of Ionic Liquids  

Paul Walden (1863-1957) first discovered ionic liquids (ILs) in 1914. Though at the time he called 

them molten salts in “About the molecular size and electrical conductivity of some molten salts”1.  

He was searching for salts that were liquid with small amounts of surrounding heat in which to 

conduct his low-temperature studies, an example being ethyl ammonium nitrate (Figure 1).  

 

Figure 1 The first ionic liquid produced, by Paul Walden in 1914. 

ILs first appeared in a patent in 19342, in which it claimed cellulose could be dissolved by mixing it 

with halide salts of nitrogen-containing bases (e.g. 1-benzylpyridinium chloride) at temperatures 

above 100°C, which formed solutions of different viscosity. The solutions contained the cellulose 

in a very reactive form, which made it suitable for different chemical reactions, i.e. etherification & 

esterification. The cellulose derivatives could then be separated from their solutions by using 

suitable precipitating agents (as long as they weren’t precipitated directly) and become used in 

producing threads, films and artificial masses.   

In the early 1950’s low-temperature electroplating was becoming established for aluminium using 

1-ethylpyridinium chloride and aluminium chloride as a warmed mixture (Figure 2a), which was 

reported by Hurley & Wler3 in 1951. Some 20 years later ambient temperature ILs based on 

organic chloride and aluminium chloride mixtures were investigated by Osteryoung et al.4,5 and 

Hussey et al.6–8. Wilkes9 created lower melting point electrolytes to solve the problem of molten 

salt electrolytes at low temperatures, because the salts used at high temperatures crystallised out 

at low temperatures.  

In 1983 Hussey10 produced the first review based on ILs, which was shortly followed by organic 

synthesises being achieved utilising lower melting point ILs in a nucleophilic aromatic substitution 

reaction11 and Friedel-Crafts reactions12. However, these early ILs were more sensitive to nature, 

because they were highly hygroscopic and easily affected by air, so it was difficult to synthesise 

them free of water. However, in 1992, air- and water-free stable ILs (sometimes referred to in 
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literature as “second generation” ILs) were synthesised successfully by Wilkes and Zaworotko13.  

They were based on a 1-ethyl-3-methylimidazolium (C2mim) cation with various anions such as 

tetrafluoro borate (BF4
-) (Figure 2b) as a replacement of the moisture sensitive AlCl4- anion. 

In 1998, Davis et al.14 introduced functionalised ILs, where the cation was derived from 

miconazole, an antifungal drug. These ILs had functional groups covalently attached to either the 

cation or anion (or even to both). This fine tuning of the structure allowed for the creation of new 

IL applications and was significant in introducing functional groups to ILs. 

ILs have been given numerous synonyms, including “molten salts”, “ionic fluids”, and “organic 

salts”, amongst others. However, it should be noted that “molten salts” in particular is a well-

established term itself referring to (usually, but not necessarily) high-melting liquid salts and is 

frequently the most used term in older literature.  However, ILs are now quite propagated and as 

Kenneth Seddon (1950-2018) said it best: “To use the term molten salts to describe these novel 

systems (regarding ILs) is as archaic as describing a car as a horseless carriage”15.  

 

Figure 2 a) 1-ethylpyridinium chloride and aluminium chloride IL b) 1-ethyl-3-methylimidazolium and 
tetrafluoro borate 

So, during the 1990s, there was an understanding that ILs have melting points below 100°C.  This 

created a new distinctive media for chemical reactions, becoming widespread and termed “room 

temperature ionic liquids” (RTILs). As such for this review I shall be dealing with RTILs so much that 

when referring to ILs they should be presumed upon to be RTILs unless otherwise stated. RTILs 

have got a lot of potential.  In fact, from an article last year by Marja-Liisa Riekkola and Samuel 

Carda Broch it stated, “room temperature ILs with unique and fascinating properties have spanned 

the whole spectrum of science, offering the potential for numerous applications in the different 

fields of chemistry, such as organic chemistry, inorganic chemistry, environmental chemistry, 

electro-chemistry, and not least in analytical chemistry.”16. It was also voted “The most important 

British innovation of the 21st century” in the 2013 public poll by the Science Museum in London, 

UK.  This is due to their unusual properties, such as extremely low vapour pressure, wide liquid 

range, high thermal and chemical stability and a significant ability to dissolve various chemical 

compounds.   
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However the best definition that currently stands for ILs is “A liquid comprised entirely of ions”17.  

This hopefully illustrates the vagueness of what an IL could be and how difficult it is then to ascribe 

any particular property to them, especially when attempts can be disproved by counter-examples. 

The definition used to be “materials that are composed of cations and anions which melt at or 

below 100 °C”18.  Though this temperature is also now being queried, for example, the preparation 

of MnOx water oxidation catalysts by electrodeposition at 130°C19.  When ILs were proffered as 

green solvents, some were shown to be fairly toxic20 and non-digestible.  Low vapour-pressure 

also became disproved by examples being distilled21.  ILs also don’t necessarily have a high 

polarity, as some were found to be moderate and comparable to alcohols22.  The presence of pure 

ionicity of ILs has even been questioned by scientists who found relaxation in electrostatics and an 

increase in dispersion for ILs as chain length of the cations side group increased23.  So, attempts to 

apply some universal properties or characteristics beyond the loose definition given seems 

currently impossible/unlikely.   

Ionic liquids have been gaining traction almost exponentially since there discovery, both 

academically and industrially.  Apart from a blip in 2008 from the financial crash IL patents have 

increased in a similar vain to IL articles published.  Morton & Hamer24 have discussed the rise of ILs 

in literature and patents in an article from last year (2018).  Both raising near exponentially since 

1997 to roughly 800 and 5000 in 2015 for patents and journal articles respectively. 

For a fuller look at the history of ILs in literature, Tom Welton wrote an article last year (2018) 

which is a brief, yet thorough look at IL history25. 

IL commercial use has spanned far and wide since it’s initiation, now spanning uses as: gas 

adsorbents26,27, lubricants28, catalysts29–31, extractants32, phase-transfer reagents33, surfactants34, 

fungicides and biocides35, and explosives and propellant fuels36.  Even ionic liquid crystals37,38 have 

been produced and studied.  ILs have found use in such wide-ranging applications that I could not 

even scratch the surface for this review.  Figure 3 summarises the various applications of ILs. 

The literature review of this thesis covers IL cations and anions used, IL synthesis methods as well 

as some examples of the wide variations of ILs.  The information presented is then applied in the 

context of IL interactions with CO2 and the particular field of switchable ionic liquids. 
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Figure 3 Various uses of ILs illustration. 
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Chapter 2 Cations 

IL cations are generally organic structures which have low symmetry and a cationic centre, often 

involving a positively charged nitrogen or phosphorus. These cations are usually completely 

substituted and based on ammonium, phosphonium, sulphonium, imidazolium, thiazolium, 

pyridinium, picolinium, pyrrolidinium, oxazolium or pyrazolium cations.  

Modification of the cation allows alteration of the properties of the IL, such as the melting point 

and liquid range40, viscosity41 and miscibility with other solvents42.  The different cations for ILs 

allows them to be divided into six groups: (1) five-membered heterocyclic cations, (2) six-

membered and benzo-fused heterocyclic cations, (3) ammonium, phosphonium and sulphonium 

based cations, (4) functionalised imidazolium cations and (5) chiral cations.  

2.1 Five-Membered Heterocyclic Cations 

Some five-membered cations are shown in Figure 4, including; imidazolium, thiazolium, oxazolium, 

pyrazolium, and triazolium.  Non-symmetrical N,N’- alkylimidazolium cations yield salts that are 

commonly assumed to have the lowest melting points; however, dibutyl[C4bim], dioctyl[C8oim], 

dinonyl [C9nim], and didecylimidazolium[C10dim],  hexafluorophosphates[PF6] have been found 

also to be liquid at room temperature43.  These cations are generally functionalised or contain 

alkyl substituents when used in ILs.  Cations of 1-ethyl-3-methylimidazolium [C2mim]13,44,53,54,45–52 

and 1-butyl-3-methylimidazolium [C4mim]55,56,65–69,57–64 are probably the most frequently focussed 

on cations for ILs in literature. 

 

Figure 4 Five-membered heterocyclic cations 
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2.2 Six-Membered and Benzo-Fused Heterocyclic Cations 

Cations with aromatic character pyridinium, viologen-type, benzotriazolium and isoquinolinium 

have been investigated as ionic liquids70, and are shown in Figure 5.  

Pyridinium ILs are a less explored class of heterocyclic room-temperature ILs despite their salts 

having been known of for quite some time. This is likely due to the toxicity of pyridine and their 

more limited stability in the presence of nucleophiles. In a series of pyridinium 

hexafluorophosphate salts with long alkyl chains (C12–C18), some were found to melt below 

100°C by Gordon et al.71.  

Most viologens have very high melting solids, even though there are a handful that exhibit lower 

melting points, they aren’t low enough to be liquid at room temperature72. 

Benzotriazolium based ILs are often good solvents for aromatic species73. 

 

Figure 5 Six-membered and benzo-fused heterocyclic cations. 

 

2.3 Ammonium, Phosphonium and Sulphonium Based Cations 

Tetraalkylammonium salts have been studied for a long time, though as Gordon and SubbaRoa74 

concluded, longer alkyl chains are required to obtain room temperature melting points. 

Tetraalkylammonium salts are generally prepared by alkylation of the parent amine. At least two 

or three different alkyl groups are required to create crystal packing constraints to obtain low 

melting points75.  This typically requires several alkylation steps.  Melting points may be lowered 

further by decreasing the symmetry of the alkyl groups in the ammonium salts76 with further 

ongoing research77.  

Phosphonium ILs are increasingly finding applications in organic synthesis and other areas78, 

however there is a far greater output of phosphonium patents being filed rather than literature 

published or commercial production materialising79. This disparity between patents filed and 

actual production use may be illustrated by the example in which the melting point of the 

hydrogen sulphate salt of tetrabutylphosphonium cations is 122–124 °C, whereas the melting 

point of the hydrogen sulphate salt of tributyldecylphosphonium cations is at room temperature80. 
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Which demonstrates that maybe phosphonium IL patents are being filed before the full extent of 

the substances have been fully corroborated. The viscosity of these phosphonium ILs was also 

typically larger than their ammonium counterparts, however this decreased very rapidly with 

increasing temperature. Phosphonium salts are typically more thermally stable than ammonium 

salts and are generally produced by alkylation of the parent phosphine79 . For larger phosphonium 

cations this is process is straightforward, conversely the pyrophoric nature of lighter alkyl 

phosphines means this is more difficult. 

The trialkylsulphonium cations are one of the lesser studied types of IL, their density and melting 

point generally decreases as the cation size increases. However, the viscosity reaches a minimum 

with triethyl ions and then usually increases notably for the tributyl compound70. 

Each of these cation types is illustrated in Figure 6. 

 

Figure 6 Ammonium, phosphonium and sulphonium cations 

 

2.4 Functionalised Imidazolium Cations 

Functionalised imidazolium cations have the functional group covalently attached to the cation 

(with a few examples attached to the anion) of the IL, particularly the two N atoms in the 

imidazole ring (example shown in Figure 7).  This ability to vary the functional group can bestow 

particular properties on the IL, allowing task-specific ILs (TSILs) to be designed and synthesised for 

specific purposes. 

Fine tuning properties is also possible by varying the length and branching of the alkyl groups, Rn, 

in the cation. For example, changing the length of the R1-alkyl chain from 1 to 9 on 1-alkyl-3-

methyl-imadazolium hexafluorophosphate [Cnmim][PF6] can change the liquid from being water 

soluble to very immiscible. Holbrey & Seddon81, Visser et al.82, Dzyuba & Bartsch43 and Chun et 

al.83 contributed studies concerning the influence of the alkyl chain on the melting points of ILs. It 

was generally found that the melting points, if observed, decreased from the methyl substitution 

to the butyl/hexyl compound and then starts to increase. The studies however came to different 

conclusions because in some only the glass transition temperatures were observed for much of 
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the alkyl substituents C4 to C8.  Increasing the length of the alkyl chain in a systematic manner was 

found to decrease density84. 

 

Figure 7 Different functional groups for imidazolium cations. 

Imidazolium salt functionalised with a primary amine (-NH2) has been shown to separate CO2 from 

gas streams85, while ILs functionalised with sulfonic acid groups (-SO2OH) have been used as 

solvent-catalyst for esterification’s86.  Phosphine (-PPh2) functionalisation has been used for Rh-

catalysed hydroformylation of olefins in IL biphasic systems87,88.  Catalyst immobilisation with 

alkoxysilyl-functionalised (-Si(EtO)3) 4,5-dihydroimidazolium salts have been grafted onto silica gel 

to give surface-modified silica gels which produce support-IL phase catalytic systems, used in Rh-

catalysed hydroformylation of hex-1-ene89.  Metal extraction from aqueous solutions using metal 

ion-ligating groups such as thioether (-(CH2)2SC2H5), thiourea (-(CH2)3 NHCSNHCH3) and urea (-

(CH2)3NHCONHC2H5) as functional groups for the imidazolium cation have been used in 

separations of Hg(II) and Cd(II)90, illustrated in Figure 8. 

 

Figure 8 Illustration of the metal ion-ligating groups; thioether, thiourea and urea incorporated into 
imidazolium cations 
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2.5 Chiral Cations 

In 1999, the first chiral IL 1-butyl-3-methylimidazolium [C4mim] lactate was reported by Earle et 

al.91.  However, this is one of few examples in which a chiral IL has the chirality provided by the 

anion. Though a relatively small field still, chiral cations have found new uses and have been 

utilised in research. For example, the use of ephedrinium-based chiral ILs (Figure 9) as a gas 

chromatography stationary phase has been reported92, showing particular effectiveness in 

separating enantiomers of alcohols, diols, sulfoxides, and some N-blocked amines and epoxides.  

 

Figure 9 Example of an ephedrinium-based chiral cation 

 

Chiral ILs have found use in Michael reactions also, one report found a pyrrolidine-based chiral IL 

catalysed the Michael addition reaction of aldehydes and nitrostyrenes to give good 

enantioselectivity and high diastereoselectivity with moderate yields, and recyclability without loss 

of activity93.  Separately, Luo et al.94 also developed pyrrolidine–IL conjugates for use in Michael 

additions.  They worked by combining a “privileged” chiral pyrrolidine unit, serving as a catalytic 

site, covalently tethered to an IL moiety, which acted as both the phase tag and a chiral-induction 

group which helped ensure high selectivity and recyclability.  An example is shown in Figure 10.  

With this system they efficiently catalysed the Michael additions for a broad range of Michael 

donors (both ketones & aldehydes) and Michael acceptors (nitroolefins) with high yields, excellent 

enantioselectivities, and very good diastereoselectivities. 

 

Figure 10 Chiral pyrrolidine unit functionalised with imidazolium used in Michael additions 

Chiral ILs can be prepared either using asymmetric synthesis (Figure 11a) or from chiral starting 

materials (Figure 11b)95. 
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Figure 11 a) Example of asymmetric synthesis b) Example of synthesis using chiral starting materials. 

Figure 12 shows some examples of common cations and the nomenclature used that will be 

encountered in this review. 

 
Figure 12 examples of common cations and their nomenclature 

 

Chapter 3 Anions 

Anions used in room temperature ILs are generally weakly basic inorganic or organic compounds 

which possess a diffuse or protected negative charge. Categorised by anion, ILs can be divided into 

six sub-categories of ILs, based on:  

(1) AlCl3 and organic salts96  

(2) Anions like PF6
- 43,97, BF4

- 81,98, and SbF6
- 97 (shown in Figure 13) 

 

Figure 13 Illustration of PF6
-, BF4

- and SbF6
- 

(3) Anions shown in Figure 14, a99,100, b 82,100 c 78,101 and d82,102  
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Figure 14 illustration of complex anions bis(trifluoromethanesulfonyl)amide (a), 
bis(perfluoroethylsulfonyl)amide (b), 2,2,2-trifluoro-N-(trifluoromethylsulfonyl)acetamide (c) and 
tris(trifluoromethanesulfonyl)methanide (d) 

(4) Anions shown in Figure 15, alkylsulphates103, alkylsulphonates104, alkylphosphates79, 

alkylphosphonates79 and alkylphosphinates79; 

 

Figure 15 Illustration of alkylsulphates, alkylsulphonates, alkylphosphates, alkylphosphonates and 
alkylphosphinates. 

(5) Anions such as mesylate (CH3SO3
-)105, tosylate (CH3PhSO3

-)105, trifluoroacetate (CF3CO2
-)41, 

acetate (CH3CO2
-)73, thiocyanate (SCN−)49, triflate (CF3SO3

-)97,106,107 and dicyanamide (N(CN)2
-)48,54 

(shown in Figure 16) 

 

Figure 16 Illustration of anions mesylate, tosylate [Tos], trifluoroacetate [tfa], acetate [OAc], triflate [OTf], 
thiocyanate and dicyanamide [dca]. 

(6) Anions such as the borates 108 and carboranes59 (shown in Figure 17). 
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Figure 17 Borate and carborane anions 

Anions are generally picked to compensate their appropriate cation, which are picked for their 

intended application.  The choice can be based on property, such as miscibility18 as shown in 

Figure 18.  For melting points Brennecke and Maginn109 found that IL melting point increases with 

larger chains.  Also, that halide anions have higher melting points than non-halide anions.  Anions 

used could also be chosen because of the IL application, for example a major problem for ILs based 

on the PF6
- and BF4

- anions is that they tend to decompose and significantly change the properties 

of the recovered materials compared to the original84.  So, for catalysis or synthesis this can be an 

appreciable factor. 

 

Figure 18 General miscibility scale in water for some common anions18 

As such, specific IL property variations for different ion choices is a very large subject and so is only 

touched upon as appropriate within this review. 
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Chapter 4 Synthesis 

IL cations can be synthesised from an organic base via alkylation to form the halide salt, alkylation 

and quaternisation are interchangeable terms used here to describe the reaction of a 3- to a 4-

coordinated nitrogen (or phosphorous). This happens via a nucleophilic substitution reaction with 

an alkyl halide and is shown in Figure 19a. A typical example would be 1-methylimidazole alkylated 

with excess 1-ethyl bromide forming a 1-ethyl-3-methylimidazolium cation, with a bromide anion 

(shown in Figure 19b).  The reaction is done in excess to ensure reaction completion. 

Some quaternisation reactions can occur without the need of a solvent in just the halide salt6, 

however a relatively polar solvent is required for cleaner synthesises such as 1,1,1-

trichloroethane41, ethyl ethanoate42, and toluene110 (however no particular solvent seems to give 

any discernible advantage).  

Fortunately, the starting materials are soluble in these solvents, whereas the product is not, so 

product precipitation/separation can help to drive the reaction to completion. 

 

Figure 19 a) Demonstration of general quaternisation reaction of an amine b) Alkylation reaction of 1-
methylimidazole and 1-ethyl bromide. 

As such, using various solvents in biphasic extraction (for liquids) or recrystallization (for solids) 

allows for the removal of residual impurities and/or unreacted starting materials. The proceeding 

extent of which quaternisation reactions occur is dependent on; alkyl halides chain length, halide 

choice (e.g. alkyl iodides are more readily reactive than alkyl chlorides), cation size, and reaction 

conditions(e.g. temperature or pressure)17. Typically, longer alkyl chains require more time for 

complete reactions to happen so are often refluxed to reduce reaction times111. However, care is 

required so the reactants don’t decompose during heating.  As pointed out halide choice is 

important, since the more electronegative the halide the better leaving group it makes, in order Cl 

→ Br → I becoming steadily gentler, which for nucleophilic substitution reactions is expected. 

Fluoride salts are unable to form in this way, which means for example, that the reaction between 

1-methylpyrrolidine and iodomethane is quite exothermic and so requires a low temperature 

(<5°C) to be carried out.  This is also due to haloalkane reactivity typically decreasing with 
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increasing alkyl chain length112. It is possible for the target IL to be synthesised in one step from 

the base to avoid the separate ion-exchange step. 

The first example of this was by Bohôte et al.41 who prepared a number of 1-alkyl-3-

methylimidazolium trifluoromethanesulfonate salts as shown in Figure 20.  Waffenschmidt has 

synthesised alkylamines and methyl tosylates113, and triphenylphosphine and octyl tosylate114 

have also been used by Karodia et al. for the direct preparation of ILs. An alternative approach has 

been reported, giving high yields with very short reaction times which involves microwave 

irradiation115. 

 

Figure 20 Demonstration of Bohôte’s alkylation of 1-methylimidazole with methyltriflate to produce 1, 3-
dimethylimidazolium trifluoromethanesulfonate [C1mim][CF3SO3]. 

The unfortunate drawback to the quaternisation method is that it isn’t possible to synthesise ILs 

with the preferred anions since halides would be anions left from the synthesis. Subsequently, 

metathesis or ion exchange reactions are needed to acquire the desired anions. The metathesis 

reaction or a Lewis acid (MXy) is used to replace the existing anion whilst reacting with the IL 

previously synthesised. Metal salt, Brønsted acid and ion exchange resins are the 3 main options 

used for metathesis reactions. 

To use Lewis acids requires the treatment of a quaternary halide salt Q+X– with a Lewis acid MXn 

which results in more than one anion species, depending on the relative Q+X- and MXn 

proportions.  This can be illustrated with the example reaction between [C2mim]Cl and AlCl3 in a 

series of equilibria shown in Figure 21. 

 

[C2mim]+Cl– + AlCl3  [C2mim]+[AlCl4]–     21a 

[C2mim]+[AlCl4]–
 + AlCl3  [C2mim]+[Al2Cl7]–

     21b 

[C2mim]+[Al2Cl7]– + AlCl3  [C2mim]+[Al3Cl10]–
     21c 

Figure 21 Equilibria of reactions between [C2mim]Cl and AlCl3 species 

 

When [C2mim]Cl is in molar excess to AlCl3 then only the first equilibrium 21a needs considering, 

with the IL being basic. On the other hand, when a molar excess of AlCl3 over [C2mim]Cl is present, 
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an acidic IL forms, and so equilibria 21b and 21c are predominant112. Further details concerning 

the anion species present were expanded on by Øye et al.116.  

Chloroaluminates aren’t the only ILs prepared in this manner, other Lewis acid examples reported 

include AlEtCl268,117, BCl3118, CuCl119 , and SnCl2120.   As these reactions are usually exothermic and 

hygroscopic they are carried out in a glovebox (drybox) and mediated to avoid any large 

temperature increase (for example by adding reactants at a slower rate).  An interesting fix to this 

problem was suggested as a method in large-scale industrial preparations of Lewis acid-based ILs.  

The idea is to place a dry and unreactive solvent (usually an alkane) as a “blanket” against 

hydrolysis but also acting as a heat-sink in the exothermic complexation reaction112.  

Wilkes and Zaworotko in 1992 first prepared the relatively air- and water-stable ILs based on 1,3- 

dialkyl-methylimidazolium cations13 using a metathesis reaction between [C2mim]I and numerous 

silver salts (AgNO2, AgNO3, AgBF4, Ag[CO2CH3], and Ag2SO4) using either methanol as the solvent, 

or aqueous methanol solutions (as these ILs are water-miscible).  Ag[N(CN)2] salts have also been 

used to produce dicyanamide ILs105.  AgOH provides a useful start in generating some of these 

silver salts when they are not readily available.  Larsen et al.59 created imidazolium carborane salts 

via metathesis reactions using silver carboranes and imidazolium chlorides (and bromides) in 

various solvents. Usefully, silver iodide has a very low solubility in the solvents used and so can be 

separated simply by filtration. Also, by removing the reaction solvent this allows isolation of the ILs 

in high yields and purities. 

Unfortunately, silver isn’t known for being cheap and this method creates a large amount of silver 

halide waste product. This can also lead to silver-contaminated products because it can be quite 

slow for the silver halides to completely precipitate from the organic solvents. The precipitate 

itself can also cause problems because in some circumstances the silver halide forms as submicron 

particles and so can be very difficult to filter. Subsequently, this method of using the metal salts is 

not commonly used but was an important step in IL synthesis progress.   

 

The preparation of water-immiscible ILs is far simpler than that of the water-soluble analogues, 

and so are the first methods typically considered. The water solubility of the IL is very dependent 

on both the cation and anion, and is generally reduced with an increase in the cations organic 

character. One of the most common approaches for preparing water immiscible ILs is to first 

prepare an aqueous solution of the halide salt of the chosen cation. Cation exchange can then be 

carried out with either the Brønsted acid of the appropriate anion, or with the metal/ammonium 
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salt. When possible, the Brønsted acid is usually favoured, because it leaves only the hydrogen 

halide (Cl, Br or I) as the by-product (which washing with water easily removes it from the final 

product). As the metathesis reaction is often exothermic, it is recommended that the reaction is 

undertaken with the halide salt cooled in an ice bath. However, if the free acid is unavailable or 

too inconvenient for use then the alkali metal or ammonium salts can be substituted with little 

problem. Indeed, it may be preferred in order to avoid using a free acid in a system where traces 

of acid could be problematic. Similar methods for preparing [PF6]– and [NTf2]– salts can be adapted 

for most purposes41,42. 

Holbrey & Seddon81 have previously reported on the metathesis reaction of the halide salt, with 

HBF4 or NaBF4 in water, and followed by extraction into dichloromethane (DCM). This granted 

improved purity, depending on the imidazolium cations alky chain length (n). Chain lengths of n > 

10 gave a solid separated from the aqueous reaction mixture, when n = 6–10 the IL separated as a 

dense liquid and when n = 4/5 the IL could be extracted and purified from the aqueous solution by 

partitioning with an organic solvent. When n < 4 the partition coefficient of water:organic:IL 

solvent was too close to 1, therefore the separation was inefficient. As such, metathesis via the 

alkyl halide with a silver salts would be more useful. 

 

Alternatively, the metathesis reaction can be conducted entirely in organic solvents such as 

acetone53 or DCM121. The starting materials aren’t completely soluble in either solvent, but the 

reaction can be completed as a suspension. So, in DCM, the metathesis reaction of 1-alkyl-3-

methylimidazole with metal salt can be performed at room temperature for about 24 hours before 

filtering the suspension.  Unfortunately, the halide by-products have a limited solubility in DCM 

and therefore can slightly dissolve in the IL/DCM mixture, which means to remove the halide by-

products it is necessary to wash the organic layer with water several times. Whenever the 

hydroxide salt is available (choline hydroxide for example can readily provide the choline cation), it 

can react directly with the acid of the desired anion in water. If the resulting IL can be separated 

into an organic phase, then the HX by-product can be removed by washing. 

Ion exchange materials are also used for metathesis of ILs.  Both natural and synthetic ion 

exchange materials have been used extensively in industrial and laboratory settings for separation, 

purification and opportune heterogeneous reagents in synthetic cation or anion exchange122.  

Ion exchange materials essentially are salts with one ion fixed in a stationary (solid/gel) phase and 

the counter ion is in solution, allowing it to be exchangeable. Figure 22 demonstrates anion 
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exchange.  As the solution passes through the ion exchange column material, the counter ion of 

material [A]− equilibrates with the corresponding ion of solution [B]−. If the column is sufficiently 

long and/or the equilibrium constant for the exchange reaction is sufficiently large, then exchange 

will take place until completion and only the [cation]+ [A]− species is eluted as a pure solution: 

[resin]+[A]– + [cation]+[B]–  [resin]+[B]– + [cation]+[A]- 

Figure 22 Equation for ion exchange in IL metathesis 

As ion exchange is almost entirely reversible, and ion exchange materials typically show a 

preference for one ion over another, the most successful synthetic ion exchange therefore 

happens when the ion exchange material strongly prefers the counter ion of the starting material 

solution over the corresponding ion of the product. So, the reaction from left to right in Figure 22 

will be most effective if the ion exchange material prefers [B]− over [A]−. Factors determining this 

preference are more complex than this description, but crudely, ion exchange materials tend to 

have a higher affinity for ions with; a higher valence, greater polarizability, a smaller (solvated) 

volume, and stronger interactions with the exchange material. 

Typically, target IL cations and anions are available as either the halide salt or the alkali metal salt. 

So, the preferences mentioned suggest many ion exchange materials will prefer counter ions thus 

IL synthesis from such starting materials would be successful. Initially the preference principles 

could hinder loading of the ion exchange material with an IL ion, thankfully additional techniques 

are available to load lower affinity ions onto an ion exchange material. One method, if the affinity 

difference is small enough, is to use a high concentration and perform multiple passes of the 

loading solution. Another method is acid/base neutralisation to load the ion exchange material 

with a low affinity ion.  For example, for a low affinity anion the ion exchange material could be 

preloaded with hydroxide ions and then reacted with the acid of the low affinity anion.  

In fact, Ferguson et al.123 have developed a halide-free synthesis of ILs using ion exchange, which 

involves the metathesis of the hydrogen sulphate anion to generate hydroxide solutions based on 

differential solubilities. The ILs are produced by simple acid/base neutralisation of the hydroxide 

solution.  Their results show high purity and, in principle, contain zero halide impurities. Their 

preferred route utilises strontium hydroxide, but they report routes using potassium hydroxide or 

barium hydroxide as also viable and allow for optimisation toward specific cations. Their 

methodology can give great versatility, giving access to ILs based on the conjugate bases of very 

weak acids which are difficult to prepare by other routes. 
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Cohen et al.124 have described using an anion exchange material in the synthesis of 

polyammonium phosphate ILs derived from their parent halides. Mizuta et al.125 have patented 

the use of an anion exchange material to produce [C2mim][dca] from [C2mim][Br] on an industrial 

scale. 

Trying to determine the conditions required for a successful ion exchange synthesis, including 

choosing an optimum ion exchange material, can be a timely process and must be adjusted for 

every target product. This is rightfully seen as a major hindrance in utilising ion exchange materials 

for the laboratory scale IL synthesis.  However, many IL ions have comparable chemical and 

physical properties and so should behave comparably in ion exchange.  Using ion exchange also 

advantageously performs both the synthesis and purification of ILs in one step. A summary of the 

common synthesis methods can be seen in Figure 23. 

 

Figure 23 A summary of the common synthesis methods for quaternary ammonium ILs. R1, R2, R3 and R4 are 
organic substituent groups, M is for the metal ion, X is the anion and A is a sulfate, phosphate. 
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Chapter 5 Variations of Ionic liquids 

ILs have developed since their inception and have crossed over into other areas of organic and 

inorganic chemistry.  The following are notable examples within the field. 

5.1 Metal containing ionic liquids 

ILs have found use in inorganic chemistry as well as becoming a part of it.  ILs have been used in 

the synthesis of inorganic materials that are not accessible (or not easily accessible) via 

conventional synthetic pathways126.  Some ILs have provided interesting reaction mediums in the 

synthesis of some unusual inorganic compounds127, such as; functional nanoparticles128, 

"noncoordinating" anion NTf2
- coordinates to Yb2+ cation129, CuCl nanoplatelets130 and zeolite 

analogues131. 

Hussey10 initially used bromo- and chloro- aluminate ILs as novel solvents in transition metal 

solutions, which was later referenced by Binnemans who found that the solubility of common 

inorganic ionic compounds (e.g NaCl) in common imidazolium ILs is very low.  However,  

chloroaluminate ILs are good solvents for a range of transition metal salts, including lanthanide 

and actinide salts132.  Also, he found coordination complexes of organometallic compounds can be 

solubilised in ILs, especially hydrophobic or anionic complexes 132,133. 

Nockemann’s group has moved forward to task specific ILs which solubilise various metal 

oxides134.  In fact, they found the solubility to be tuneable upon varying certain properties. They 

used protonated betaine (1-carboxy-N,N,N-trimethylmethanaminium hydroxide) with 

bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N] as an IL to dissolve large quantities of metal oxides. 

An illustration of the structure of [Hbet][Tf2N] is shown in Figure 24. 

 

Figure 24 Illustration of the structure of [Hbet][Tf2N] 

The metal-solubilising power of [Hbet][Tf2N] is selective, such that the soluble oxides they found 

were of the trivalent rare earths Ag(I), Zn(II), Cd(II), Hg(II), Ni(II), Cu(II), Pd(II), Pb(II), Mn(II), and 

U(VI) oxides, whereas, Fe(III), Mn (IV), aluminium & cobalt oxides, and silicon dioxide were 

insoluble, or very poorly soluble. The metals could be removed from the IL by treating it with an 

acidic aqueous solution, shown in Figure 25. Once the metal ions transferred to the aqueous 

phase, the IL could be recycled for reuse. [Hbet][Tf2N] formed a single phase with water at high 
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temperatures, however phase separation occurred below 55.5 °C, demonstrating temperature 

switch behaviour (Figure 26). The mixtures of the IL with water also showed a pH-dependent 

phase behaviour, with two phases occurring at low pH but a single phase in neutral or alkaline 

conditions (Figure 27).  

 

Figure 25 Illustration of when the aqueous phase becomes acidified with HCl solution the copper(II) transfers 
from the IL [Hbet][Tf2N] to the aqueous phase for extraction.134 

 

 

Figure 26 Illustration of [Hbet][Tf2N]-water mixture and its temperature-dependent phase behaviour. The 
phase boundary was emphasised by adding blue [Cu(bipy)Cl2] complex.134 
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Figure 27 Illustration of the [Hbet][Tf2N]-water mixture which has pH-dependent phase behaviour. The 2-
phase system arises from acidic to neutral conditions, whereas a 1-phase system arises from alkaline 
conditions (pH > 8). The phase boundary was emphasised by adding methyl red dye.134* 

Combining ILs with metallic species to give metal-containing ILs has provided access to ILs with 

interesting properties.  Low-melting lanthanide-containing ionic liquids134,135 have been 

synthesised and reviewed.  Luminescent properties of dicyanoaurate(I) salts with [Cnmim]+ that 

are liquid at room-temperature136 and of lanthanide(III) iodides in IL of 1-dodecyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide [C12mim][Tf2N]137 were studied. Metal-

containing ILs have been used as the reaction medium for the synthesis and crystallisation of a 

metal-organic framework69,138 and a coordination polymer, (C2mim)[Cd(BTC)] (BTC=1,3,5-

benzenetricarboxylate), which formed an anionic three-dimensional framework with 1-ethyl-3-

methylimidazolium cations located in the empty space51.  Chloroindate(III) ILs work as versatile 

reaction media for Friedel–Crafts acylation reactions, giving rise to a catalytic and completely 

recyclable system, which uses an aqueous work-up with zero indium leaching into the product 

phase139.  Gold compounds as ILs in N,N′-dialkylimidazolium tetrachloroaurate salts that have 

applications in catalysis and electrochemical technologies140 have also been researched. 

 

 

  

                                                      
* Figures 25, 26 and 27 Reprinted (adapted) with permission from (P. Nockemann, B. Thijs, S. Pittois, J. Thoen, C. 

Glorieux, K. Van Hecke, L. Van Meervelt, B. Kirchner and K. Binnemans, J. Phys. Chem. B, 2006, 110, 20978–20992.). 
Copyright (2006) American Chemical Society. 



29 
 

5.2 Amino acid ionic liquids 

Fukutomo et al.47 made a study into ILs by focusing on 20 amino acids as the anions, using their 

various characteristics to gain insight into the effects of anion structure on the properties of the 

corresponding ILs.   They synthesised these ILs by neutralisation between [C2mim][OH] and the 

corresponding amino acid.  Although these ILs were still typically insoluble in ethers, they were 

miscible with various other organic solvents, such as methanol, acetonitrile, and chloroform. 

However, some ILs prepared from amino acids containing two carboxyl groups, such as glutamic 

acid and aspartic acid, were insoluble in chloroform. This may allow natural amino acids to be used 

in many new applications as they have not had such miscibility properties previously. This 

miscibility of the amino acid ILs with organic solvents was again found to be dependent upon the 

side-chain structure of the corresponding amino acid anion.  Differential scanning calorimetric 

measurements found the amino acid ILs had no melting points, but glass transition temperatures 

(Tg) ranging from -65 to 6 °C.  Fukumoto found that the dominant influence on Tg was alkyl chain 

length, almost regardless of the functional group (ILs with carboxyl and/or an amide group had a 

higher Tg than of other amino acid ILs).  They also found some other general rules, though none 

seemed universal.  One is the Tg increase of having a carboxylate over hydroxide functionality.  

Also, the presence of the phenyl group increased the Tg as shown by phenylalanine having a 21°C 

difference in Tg compared to alanine, because of the stacking interaction of the phenyl groups. 

They also found that the major amino acid ILs displayed a linear relationship between Tg and ionic 

conductivity, but the correlation was not so strong for other amino acid ILs (such as histidine, 

tyrosine, tryptophan, arginine, glutamine, asparagine, glutamic acid, and aspartic acid).  In fact, 

the ionic conductivities are less than those for major amino acids of the same Tg, which Fukutomo 

suggests “may be due to hydrogen bonding or some other ion interaction that is expected through 

their side chains”. 

In one paper Lv et al.141 designed and prepared an amine-based amino acid-functionalised IL 

([APmim][Gly], an efficient and high capacity absorbent for CO2 capture, shown in Figure 28. They 

achieved capacity for CO2 capture much higher than most of the existing dual functionalised ILs, 

which was attributed to its’ low molecular weight. It also demonstrated a high regeneration ability 

even after multiple regenerations.  They also found the reaction could be divided into two 

separate stages; they first started with the carbamate formation via a reversible chemical reaction, 

followed by the hydration reaction of CO2. With high CO2 loading, they saw production of the 

carbamate was easy to decompose.  In a following piece of work they showed that a neutralising 
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reaction mechanism was more likely to occur in the first stage of the reaction than that of the 

zwitterionic mechanism possible with amino acids, and that the second stage of the reaction was 

endothermic142. 

 

Figure 28 Illustration from Lv et al.141 of [APmim][Gly] molecular structure 

In the same article Qian et al.142 found that the CO2 absorption capacity of amino acid ILs was 

related to the interaction energy between the IL cation and anion.  Such that “the stronger the 

interaction energy, the lower the CO2 absorption capacity”. The viscosity of the ILs also decreased 

as the interaction energy increased, contrary to results reported by Xiaochun et al.143. Xiaochun’s 

group calculated the interaction energy of ILs with [C2mim] cation and differing anions of [PO2F2], 

[SCN], and [N(CN)2] also using quantum chemistry calculations and found that the stronger the 

interaction between the cation/anion pair, the higher the viscosity. Qian’s group, by combining the 

results of their experiments and their quantum chemistry calculations, found that increasing alkyl 

chain length of the anion led to the increased viscosity of the amino acid ILs and the volume of 

anion increased, similar to what Chaban & Fileti144 reported.  Steric hindrance of the IL cation and 

anion also contributed to the decrease in viscosity as the interaction energy increased. The report 

also showed the regeneration ability of the amino acid ILs is significantly affected by the cation 

choice/functionalisation. 

 

5.3 Polymer Ionic liquids 

ILs have been integrated into polymer synthesis methods as solvents as well as functional groups 

on polymer chains to give poly(ILs).   

As solvents they can act as moderators in exothermic polymerisation reactions. Polymerising 

styrene and acrylonitrile in ILs affords safer processing, as they reduce exothermic activity and 

decrease product decomposition, which may be a source of toxic gases145.  Recycling catalysts in IL 

solutions during polymer synthesis has also been successful, such as in the atom transfer radical 

copolymerisation (ATRP) of N-substituted maleimides with styrene146.  In fact ILs as solvents for 

ATRPs are particularly useful in this instance as the catalyst has good solubility in the IL solvent so 

when the polymer product is separated into a suitable solvent then the catalyst nearly all remains 

in the IL phase147,148. In radical polymerisation synthesis methods ILs as solvents help increase the 
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rate constant of propagation (kp) while decreasing the rate constant of termination (kt)149,150.  

Though not enough research has been able to conclude how this this can be determined as a 

general rule, though results are promising.   

IL solvents for ionic polymerisations are not particularly favourable, tending to lead to less 

controlled polymerisation schemes151. 

ILs work as solvents for many polymers such as cellulose152, chitin153,154, chitosan155, 

polyvinylchloride156 and polystyrene157 which are insoluble in conventional solvents. 

Poly(ILs) can be formed by radical polymerisation of IL monomers, which allows for control over 

the chain length and morphological structure158,159. Poly(ILs) have been successfully synthesised by 

reversible addition fragmentation transfer polymerisation (RAFT)160–163, and ATRP164–168, cobalt169–

171, copper172, nitroxide173,174, methyl methacrylate175, and organometallics176 as examples.  

Poly(ILs) can also be formed from uncharged neutral polymers which are chemically modified after 

the polymerisation process. In fact poly(ILs) provide excellent flexibility for post-polymerisation 

modification to obtain specific reactivities177, which have been used in organocatalyst design178–

182. Anion-exchange use in synthesis can allow alteration of the adsorption capacity, the 

corresponding chemical sensitivity and selectivity of poly(ILs)183. 

In fact, poly(ILs) properties in general can be tuned significantly during the synthesis process184. 

Important characteristics such as Tg, ionic conductivity, and thermal stability of poly(ILs) can be 

controlled by the counter ions size and symmetry185. The most important feature for some of 

poly(ILs) is their ionic conductivity, which is most affected by the IL monomer, Tg and crosslink 

density186. 
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5.4 Protic ionic liquids 

One of the defining characteristic between ILs and protic ionic liquids (PILs) is the presence of an 

exchangeable proton.  PILs form when this proton transfers between a Brønsted acid and a 

Brønsted base (in an equimolar mixture), which can produce hydrogen bonding between the acid 

and base and can even lend itself to an H-bonded extended network.  If the starting acid and base 

are both available in a highly pure state, then the neutralisation process can straight away produce 

a highly pure IL. A variety of PILs, including organic and inorganic anions, previously were 

synthesised by Yoshizawa et al.187.  From their research they proposed that only “poor” ILs formed 

from systems with either associated ions or weak proton transfer, based on the Walden rule.  The 

Walden rule is used to illustrate the conductivity-viscosity relationship of pure ILs. 

The useful synthesis of PILs by neutralisation of organic tertiary amines with organic acids or 

inorganic acids has also been described by Ohno et al188.  A general reaction scheme is shown in 

Figure 29. 

 

Figure 29 Structure of ILs prepared by Ohno et al.188 by neutralisation of imidazole derivatives and acids 

Greaves & Drummond189 combined primary amine cations of RNH3
+

 and R(OH)NH3
+ with organic 

anions of RCOO-, R(OH)COO- (or with an inorganic anion) in Brønsted acid/base pairs to synthesise 

PILs. Nuthakki et al.190 researched the physicochemical properties of synthesised PILs in equimolar 

ratios (1:1 stoichiometric amounts) of cation and anion but also with either excess acid or excess 

base present.  Jake Golding et al.54 prepared PILs which contained the methylpyrrolidinium cation 

and established an ionisation curve using NMR shifts as a function of the acid strength, which  

suggested that, in terms of ionicity, the aqueous pKa values for the acid and base could be a 

constructive indicator of how ideal the PIL is likely to be.  From a study by Yoshizawa et al.187 it 
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seems for complete proton transfer to form the salt requires a difference in aqueous pKa
aq values 

> 10.  

This result contrasts with the simple equilibrium calculations by MacFarlane et al.191 which 

indicated that, in aqueous solution, ΔpKa
aq = 4 was sufficient in producing proton transfer of 99%. 

Such a discrepancy suggests that the solvation environment of the PIL can very strongly affect the 

proton transfer energy.  Such that ΔpKa
aq seems to be a comparatively poor estimate of the 

effective ΔpKa in PIL environments.  Evidence from Johansson et al.192  seems supportive of these 

observations. However, Banerjee et al.193 contrarily presented crystal structures for numerous 

compounds they created by combining acids and bases of varying ΔpKa
aq.  They demonstrated that 

substantial proton transfer had occurred in the crystalline salt when ΔpKa
aq > 3. When ΔpKa

aq < 3 

the crystal structure comprises of a co-crystal of the acid and base.  Stoimenovski et al.194 

investigated these discrepancies concerning the hypothesis that ΔpKa
aq > 10 is needed for strong 

proton transfer. From their results they found that proton transfer equilibria in PILs based on 

simple primary amines behaved as expected based on pKa
aq

 values.  As in ΔpKa
aq > 2 was sufficient 

in producing predominant proton transfer (~90%) and ΔpKa
aq > 4 produced >99% ionisation. 

Conversely simple tertiary amines required substantially more than ΔpKa
aq = 6, to produce strong 

proton transfer, which is unusual behaviour. Secondary amines were seen to lie between these 

boundaries. Yoshizawa et al.187 predominantly focussed on tertiary amines and subsequently the 

conclusions they reached were fairly consistent with the observations of Stoimenovski et al.194.  

They explain these differences in relation to variations in the hydrogen bonding environments 

presented by the amine/ammonium ions. For primary amines (and their corresponding alkyl 

ammonium ions) the cations have access to multiple hydrogen bond donors for interaction and 

solvation of the (in this case carboxylate) anion produced in the proton transfer reaction. It could 

be expected the solvation ability in this respect to be comparable to waters’. Conversely, the 

tertiary amine/ammonium ion has a frustrated environment for hydrogen bonding which is 

markedly different to water. To use an acetate anion (as an example from Stoimenovski et al.194), 

the hydrogen bonding acceptor sites (of which there are two sites for each of the two oxygens) 

only have single protons on any nearby cations in which to hydrogen bond to.  

This does not provide a significant enough solvent environment for both the cation and anion, so it 

is energetically less favoured for proton transfer to form these ions. Their case of 

triethylammonium acetate illustrates an interesting example in that the acid and base do not even 

mix. 
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This means it is important not to assume acid/base pairs of ions completely dissolve in the mixture 

of acid and base. Johansson et al.192 synthesised dimeric and oligomeric mixtures of N-

methylpyrrolidine and acetic acid utilising the simple neutralisation reaction by adding 

stoichiometric amounts of the acid dropwise to the base.  They found that the highest degree of 

ionicity, which corresponds to the strongest degree of proton transfer, happens with higher 

constituencies of acid than the equimolar composition, which suggests that the dimer and 

oligomeric acids are far stronger acids in a neat system than monomeric acid.   

This pKa deviation from aqueous behaviour (pKa aq) could be because the lack of water as an 

important acid/base material in the reactions. Which is why pKa values measured in non-aqueous 

solvents can give quite different results.   

Protic imidazolium and alkoxyimidazolium based ILs as both solvents and Brønsted catalysts for 

catalytic reactions have been synthesised for application.  For example in a Diels–Alder reaction 

between cyclopentadiene and two dienophiles, where the dienophile was activated by hydrogen 

bonding with protic imidazolium ILs195. 
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Chapter 6 Ionic liquids and carbon dioxide 

Absorbing CO2 is of industrial importance from both energy and environmental standpoints.  To 

this end ILs have been employed in various carbon capture, utilization, and storage (CCUS) 

techniques due to their useful and individual properties.   

Research by Brennecke and Maginn109 on different cation and anion types found that these can 

have a significant effect on IL physical, chemical and thermodynamic properties.  With regards to 

solubility, it seems the IL anion choice has the largest affect.  Freitas et al.196 proffered that the 

energy of vaporisation and molar volume can be key factors in IL solubility.  Since ILs mostly have 

high energy of vaporisation, and a larger anion will have a larger molar volume, this can lead to 

greater solubility.  Particularly dissolution of CO2. 

The alkyl chain on imidazolium cations, Cnmim, have been confirmed by Ren et al.197 to increase 

cation dispersion forces which allows increased CO2 interaction.  Which implies that the longer the 

alkyl chain then the greater the solubility of CO2. Though increasing the alkyl chain length also 

increased hydrophobicity198.  Uygur199 found that IL density decreases also with increasing chain 

length. 

Camper et al.200 used a method utilising a mixture of ILs with amines to utilise the useful 

properties of ILs with the high gas solubility of amines, particularly monoethanolamine (MEA) and 

diethanolamine (DEA) with [Cnmim][Tf2N].  The absorption performance of the IL-amine mixture 

was observed to be higher than pure amines with a lower desorption energy.  The drawbacks of 

several synthetic steps and purification processes of functionalised imidazolium ILs would also 

then be avoided. 

One of the commonly proposed IL use for CO2 capture is using a pressure-swing configuration201, 

available when CO2 is absorbed preferentially to other gases. The CO2 can then be desorbed from 

the isolated IL by decreasing the pressure.  This has effectively zero solvent loss also due to ILs low 

volatility.  If CO2 is physically absorbed then a temperature-driven desorption is also possible, 

which could be very efficient. 

CO2 capture in industrial processes can be done by pre-combustion, post-combustion, and oxy-

combustion202.  The majority of this is carried out on flue-gas from the energy sector (such as 

power plants).  Though it is usually implemented as post-combustion as it is easier to implement in 

pre-existing plants as a retrofit as the other methods require being built into the plant process 

from the start.  An extensive review of CCUSs using ILs last year (2018) by Aghaie et al.202 found 

the best ILs to use.  They were based on technical and economic perspectives and concluded that 
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ILs with guanidinium cations and fluorine containing anions ([BF4
-], [PF6

-] and [FEP] 

tris(pentafluoroethyl)trifluorophosphate) were best.  Exhibiting a high solubility for CO2. 

Conversely, while ILs exhibit excellent gaseous CO2 absorbing properties, it can be difficult to 

create practical devices from them.  Though poly(ILs) can provide both features simultaneously, by 

forming platform membranes for example203.  Compared to the corresponding IL monomers, 

poly(ILs) usually have higher capacities for CO2 uptake204,205 with a faster and completely reversible 

sorption/desorption process204,206,207. Poly(ILs) also have improved selectivity for CO2 in separating 

it from other gasses208, such as CH4
209,210, N2

204,205,209,210, and O2
204, which has led to construction 

of sensors with detection limit units below ppm211. According to computational studies the poly 

cation (rather than the anion) mostly influences CO2 sorption as their interactions with gas 

molecules are stronger212.  
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Chapter 7 Switchable Ionic liquids 

In Nature 2005 Jessop et al.213 prepared mixtures of 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) 

and 1-hexanol and discovered they had a high CO2 absorption capacity of 1.3 mol of CO2/DBU at 1 

atm.  The weight and volume of its CO2 absorption capacity was 19 wt % and 147 g CO2 /L 

respectively, which was significantly higher than that of 30% MEA (≤7 wt % and 108 g/L)213,214.  

Headlined as reversible nonpolar-to-polar solvent they have become termed switchable ionic 

liquids (SILs) and switchable polarity solvents (SPSs).  SILs are solvents capable of ionic/non-ionic 

switching by addition or removal of one compound, a so-called trigger213,215,216. SPSs are similar 

except that they change from low/high polarity.  Under basic conditions, imidazolium salts can 

react with organic electrophiles. Analogously, the deprotonated imidazolium salts could also react 

with inorganic electrophiles, such as CO2, CS2, and OCS217. ILs have promising properties as CO2 

capture solvents if applied to capture CO2 in chemical production218.  Other triggers for change in  

IL phase behaviour are temperature219, pH220 and SO2
221. 

One of the most common SILs is composed of a mixture of an organic superbase (an amidine or 

guanidine), such as tetramethylguanidine (TMG) and an alcohol (or amino alcohol) after reacting 

with CO2
214.  The IL is formed by bubbling CO2 through an equimolar mixture of a superbase and 

an (amino) alcohol. Carbon dioxide switches the mixture to ionic, while nitrogen changes it into 

the non-ionic form. SILs are quite unique in their ability to ‘switch’ some properties i.e. solubilising 

capability, polarity, conductivity, fluorophilicity or viscosity, from one form to another214. Their 

properties of the hydrophilicity222, polarity223, ionic strength224–226, or viscosity227 can change 

reversibly between the two states.  The chemical and physical properties of the solvent mixture 

are tuneable by changing the alcohol/superbase pairing.  For example, increasing the carbon chain 

length slightly in ROH group (anions) increases CO2 absorption capacity228,229.  In this case the 

mixture possesses a high sensitivity to carbon dioxide compared to other gases, which increases 

the selectivity for CO2 binding.  However, attempts to categorise the CO2 capturing efficiency are 

dependent on the compound structure, the presence of substituents, carbon chain length, the 

nature of the bases, and the thermodynamics of the capturing process.  These have been 

reported, resulting in an increasing interest in these solvents 214,218,229,230.   

A selection of SILs and their reactions are demonstrated in Figure 30. 

 

A common factor of SILs is that they are reversible, despite using a trigger molecule.  Wang et 

al.231 studied CO2 capture using imidazolium ILs and organic superbases, which formed 
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imidazolium-2-carboxylates with equimolar superbase present.  Illustrated in Figure 31. They 

provide an alternative to amines/alcohols with their IL−superbase which can rapidly and reversibly 

capture CO2 more than traditional ILs. 

 

 

Figure 30 Examples of some SPS’s comprised of a) amidine/alcohol mixes213,232 b) guanidine/alcohol mixes232 
c) amidine/amine mixes229,233,234 d) secondary amines223 e) a diamine235 and f) guanidine/acidic alcohol 
mixes236. The high-polarity forms are on the right the non/low-polarity forms are on the left. 

 

 

Figure 31 Reaction scheme of 3-butyl-1-methylimidazolium bis(trifluoromethane- sulfonyl)amide with 
(1,3,4,6,7,8- hexahydro-1-methyl-2H-pyrimido[1,2-a]pyrimidine), [C4mim][Tf2N]–MTBD. 
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As far as how CO2 is absorbed, a possible mechanism of chemical reactions of CO2 in 

[C2mim][acetate] was proposed by Ober and Gupta52, shown in Figure 32.  

 

Figure 32  A possible mechanism of chemical reactions of CO2 in [C2mim][acetate] was proposed by Ober 
and Gupta52 

However, this does not exactly translate to the situation for SILs as they do not require the use of 

a carbanion.   

‘Switchable solvents’ have been developed to pursue better absorption media for removing 

CO2
214. Using CO2 as a trigger works very well for SILs because as well as a high CO2 capture 

efficiency, there is no cumbersome organic synthesis protocols required to form the ILs. 

SILs have found use in wood chemistry particularly also, they have been studied as fractionation 

solvents for lignocellulosic materials (which has major components of cellulose, hemicelluloses, 

and/or lignin)216,237.  Also, SILs using CO2 or SO2 as triggers in the selective fractionation of 

lignocellulosic material (i.e., milled birch wood) has been performed using a mixture of alkanol 

amine (MEA) and amidine superbase (DBU) at 120 °C. This resulted in a fluffy material from the 

treatment comparable to what is obtained using the common pulping method (before 

bleaching)238. 

The effect of anions is more significant than that of cations for gas capture into ILs Damas et al.221
 

have reported, using quantum chemistry to study the interaction between cation/anion and gas 

molecules. Fernandes et al.239 also utilised quantum chemistry to calculate the interaction energy 

between the cation & anion in ILs, observing that CO2 absorption capacity is affected by chain 

length of the cation. By combining the molecular simulation and ab initio calculations Gupta et 

al.240 studied nitrile-based ILs, and proved that CO2 solubility was actually governed by the cation-

anion binding energy rather than the CO2−anion binding energy. 
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There are a few interesting features of the SILs shown in Figure 30.  These are important 

considerations for the following experimental section and linked to other aspects of this literature 

review.  Firstly, the cation is formed from a nitrogen containing species while the anion usually is 

formed by reaction with CO2 to either N or O.  Secondly, a phase separation upon reaction with 

CO2 occurs between polar and non-polar solvents present, similarly to that illustrated in the metal- 

IL section.  Also, a carbamate is formed, like that encountered with amino acid ILs, shown in Figure 

28.  Similar principles as PILs, in that there is proton transfer, is also pertinent to mention between 

the Brønsted acid and the Brønsted base, which is affected by differences in the pKa values of the 

substituents.  This switching of ILs with CO2 is also reversible and has high regeneration ability. 
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Chapter 8 Experimental part 1 switchable polarity ionic liquid using mixed 

carbamate 

8.1 Introduction 

The objective of this thesis project was to find greener alternatives to a literature proven SIL.  To 

test the possibility of replacing a fluoroalcohol used in an IL with an organic superbase to form a 

SIL. Initially attempting to try replacing it with fluoroamine, which, if proved successful, could 

hopefully be replaced with an hydroxylamine.  Hydroxylamines being a preferred substitute for 

halogenated alcohol from numerous perspectives such as toxicity to humans and damage dealt to 

the environment. 

8.2 Preliminary work  

To initiate this work, first the theoretical underpinnings needed to be recreated and familiarised 

with.  In addition, tests were required to allow evidence-based decisions to be made for moving 

forward. 

8.2.1 Recreation of literature method 

First, the experiment from Z. Liu et al.241 was recreated by mixing 2,2,2-Trifluoroethanol (TFE) and 

1,8-diazabicyclo-[5.4.0]-undec7-ene (DBU).  This was to gain familiarity with the method and to 

recognise a known positive result first-hand. 

“DBU (9 mmol) was placed in a 50 mL three-necked flask. Excess TFE (9.2 mmol) was then added 

dropwise to the flask at low temperature. Afterward, the mixture was stirred for 2 h at room 

temperature to ensure the complete protonation of DBU. The remaining fluoroalcohol was 

removed by heating for 24 h at 50°C under vacuum conditions (15 mmHg) until the mass of the 

liquid achieved a constant value. This resultant compound is the ionic liquid [DBUH][TFE].” 

To form [DBUH][TFECO2] a CO2 atmosphere was formed with the [DBUH][TFE] sample in a glass 

vial while stirring until the mass of the product achieved a constant value.  The reaction from the 

article by Liu is shown in Figure 33.  The resulting IL was tested with cyclohexane for miscibility and 

reversibility using CO2 as a trigger, giving a positive result whereby cyclohexane was mixed with 

[DBUH][TFE] and then placing it under a CO2 atmosphere where a phase separation between the 

polar and non-polar solvents is observed, which are [DBUH][TFECO2] and cyclohexane. 
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Figure 33 Reaction of DBU with TFE to form the protonated liquid and then triggered with CO2 to form the 
SIL241 

 

8.2.2 Replacement of fluoroalcohol with a fluoroamine 

With this verification a similar experiment was devised, replacing the fluoroalcohol with a 

fluoroamine.  2,2,2-Trifluoroethylamine (TFA) was used in the same quantities as TFE to form a SIL 

with DBU.  Proton and 13C NMR were used to confirm formation of SIL by the formation of the 

carbonyl group and therefore giving a new signal in that range in NMR.  The reaction can be seen 

in Figure 34. 

 

Figure 34 Reaction equation between DBU and TFE 

8.2.3 Determining suitable chain length for possible hydroxylamine substituent 

As fluoroamines were shown to work similarly to fluoroalcohols, a greener version of substrate 

was sought in a hydroxylamine to help replicate the electronegativity and to reduce volatility.  The 

oxygen next to the amine aids in a suitable electronegativity and stabilising effect on the amine 

group as a replacement for the fluorinated group, while an alkyl chain inhibits evaporation and 

should help to form a liquid at room temperature. 

To first assess which alkyl chain length would give a preferable viscosity in the resulting IL 3 chain 

lengths of alkyl amine were tested with DBU.  Butyl-, hexyl- and octylamines in equimolar amounts 

(9mmol) were mixed with DBU as shown in Figure 35.   

 

Figure 35 Reaction schematic of the tested amines with DBU 
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The individual amines were placed with the DBU in Schlenk tubes and placed in liquid nitrogen for 

20 minutes.  The vials were then allowed to thaw under CO2 atmosphere for 2 hours then sealed 

under CO2 atmosphere.  The mixtures were frozen first, so the amines didn’t evaporate when 

placed under vacuum to replace the atmosphere in the Schlenk tube with CO2. 

From the resulting 3 liquids it was seen that a hexyl alkyl chain would be optimum.  Octyl formed a 

solid surface ring, showing solidification being likely and butylamines viscosity being quite low may 

mean that it would be more volatile and difficult to work with.  See supporting information for 

pictorial evidence. 

8.3 Synthesis of O-hexylhydroxylamine 

A US patent by Berthel et al.242 includes a method for synthesising hydroxylamines (Example 6 in 

the patent).  Using the first part of the synthesis using N-hydroxyphthalimide as a protecting group 

for the hydroxyl amine formation.  A reaction scheme is shown in Figure 36. 

 

Figure 36 Reaction scheme of N-hydroxythalimide and 1-bromohexane. 

The reaction was modified from the literature reference and was followed using GC-MS.  The 

equipment used was Agilent technologies 6890N network GC system with 5973 Network Mass 

selective detector.  Completion was found when the reactant peaks had disappeared, and the 

product peak was predominant, examples of the spectra are shown in Figure 37.  The method was 

modified and improved for the specific synthesis, as it was repeated in producing a stock of O-

hexylhydroxylamine (HHA).  The final method used was: 

 

N-hydroxyphthalimide (4.08g, 25mmol) was dissolved in DMSO (37ml) in a round bottomed flask, 

giving a light transparent yellow liquid.  To this potassium carbonate (8.64g, 62.55mmol) was 

added, turning the liquid dark red, very viscous and opaque.  The mixture was stirred at room 

temperature (25°C) for 5 minutes at least, to ensure complete mixing had occurred.  1-

Bromohexane (5.26ml, 37.5mmol) was added and stirred for 3 hours at 80°C.  After 3 hours the 

mixture was allowed to cool to room temperature then cooled in an ice bath.  The reaction 

mixture was then poured into cold water to form the product precipitate.  This was left in the 
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fridge for 2.5 hours, after which it was filtered, washed with water and the solid partially dried in 

vacuo of a sinter funnel.  The product gave 5.277g, 85.3% (literature value for method gave 86.6% 

[from example 6]242). 

a)

 

b)

 

Figure 37 Spectra of the GC-MS of a) hydroxylamine with protecting group and b) at reaction completion 
when the protecting group has been removed.  The top image in part a) and b) is that of the chromatogram 
and the bottom image for each part is the mass spectrum of the largest peak. 

 

The second part of the synthesis method involved removing the phthalimide protecting group 

from the hydroxylamine.  A method using methylamine in a water solution was used from S. E. Sen 

and S. L. Roach243 and A. Pettman244.  The reversible reaction used methylamine in excess to form 

the N1, N2-dimethylphthalamide.  The reaction scheme can be seen in Figure 38. 
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First, the solid phthalimide was placed in a flask with methylamine (70ml), ethanol (60ml) and 

water (120ml) (all in excess). Ethanol was used to keep the reactant and equilibrium products in 

the same phase, while the added water was to ensure that the final step of the reaction drove it to 

product completion. The reaction mixture was heated to 50-55°C and left to react overnight.  This 

is enough to push the reaction equilibria to the product side before the final step.   

The last part that forms a benzoate, from hydrolysis leaving the hydroxylamine, is non-reversible 

and so helps pull the reaction to the product side using the water in solution.  

 

Figure 38 Reaction scheme for the removal of phthalimide group to form the HHA. 

 

For product extraction the mixture was turned acidic with addition of concentrated HCl to pH < 2 

in aliquots of 5ml and the pH tested with pH indicator paper until the correct pH was attained.  

The mixture was then poured into a separating funnel with an equal amount of diethylether. 

During this phase the hydroxylamine becomes protonated and moves to the aqueous phase.  The 

organic phase was then discarded, and the remaining aqueous phase was basified (pH > 10) with 

KOH pellets.  This was extracted with Et2O (5 × 55 ml).  KOH was added to dry the organic phase 

completely, using filtration and rotary evaporator to remove the KOH and ether, and using water 

aspirator vacuum to dry to leave final hydroxylamine product.  The amount produced finally at 

constant weight from drying under vacuum was 1,009g (29.1% yield).   
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8.4 O-Hexylhydroxylamine with different nitrogen containing bases 

Once confirmation was sought to form a SIL with DBU and HHA, other amine bases were then 

considered. 

8.4.1 O-Hexylhydroxylamine with DBU 

After synthesis of the HHA it was then possible to test its suitability with DBU in forming a mixed 

carbamate pair.  8 mmol DBU (1.194ml) and HHA (8 mmol, 1.1ml) were placed together in a 

Schlenk tube and frozen in liquid nitrogen for 30 minutes, after which the tube was taken out of 

liquid nitrogen, vacuum applied and then CO2 atmosphere applied.  Sample required freezing as 

the vacuum could cause HHA evaporation before it could be put under CO2 atmosphere. The 

sample was then defrosted and observed that a white solid had formed.  The bottom of flask 

stayed molten but eventually became solid.  It was observed that the flask was warm around the 

bottom where the solid was.  Holding a thermometer next to it, a 5°C increase was observed 

twenty minutes after coming out of the liquid nitrogen.  Pictorial evidence can be seen in Figure 

39.  The solid was placed in hexane, toluene, and acetonitrile with limited to no success in 

dissolving it. 

 

As a liquid sample was unavailable in a suitable solvent 

for confirmation using NMR, the fact a dramatic phase 

change occurred from the addition of CO2 was taken to 

confirm that an IL had formed, though was solid at room 

temperature.  Later, a successful NMR was obtained by 

carrying out the reaction in deuterated DMSO solvent 

(with a CHCl3 internal standard). 

HHA was then tested against 3 possible basic amines, to check their ability in replacing DBU and 

still functioning as SILs.  The three amines chosen were: triethylamine (TEA), 

diisopropylethylamine (Hünigs base) and diisopropylamine (DIPA).  Each is shown in Figure 40. 

Figure 39 Solid product of DBU and HHA under CO2 
atmosphere. 
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Figure 40 triethylamine (TEA), diisopropylethylamine (Hünigs base) and diisopropylamine (DIPA) 

They are tertiary amines (with DIPA as a secondary amine to observe any particular differences or 

similarities), are large molecules that are sterically hindered and are more basic ΔpKa (>5) than 

HHA.  Also, they benefit in differing to the superbases by being less toxic and more 

environmentally friendly, “greener” solvents. 

8.4.2 O-Hexylhydroxylamine with triethylamine  

Equimolar amounts of HHA (8mmol, 1.1ml) and of TEA (8mmol, 1.115ml) were placed into a 

Schlenk tube and frozen in liquid nitrogen. Triethylamine after 3.5 hours was still liquid, and 

suspected may not freeze solid so was flushed with CO2 and left, shortly became more viscous and 

opaquer staying a pale yellow/cream colour.  

8.4.3 O-Hexylhydroxylamine with diisopropylethylamine 

Equimolar amounts of HHA (8mmol, 1.1ml) and of Hünigs base (8mmol, 1.393ml) were placed into 

a Schlenk tube and frozen in liquid nitrogen. After 30 minutes it was taken out and had the 

atmosphere replaced with CO2 and left to melt.  Initially it was liquid, with a solid surface forming 

at rim of flask, though this then dissolved when stirring was put on.  Before freezing was yellow 

and transparent but after CO2 it was cloudy yellow. 

8.4.4 O-Hexylhydroxylamine with diisopropylamine 

Equimolar amounts of HHA (8mmol, 1.1ml) and DIPA (8mmol, 1.121ml) were placed into a Schlenk 

tube and frozen in liquid nitrogen. After 45 minutes the mixture was removed and put it under 

CO2 atmosphere.  It appeared to be solid white/pale yellow.  A slight increase in temperature was 

observed, though not as much as before with DBU but significant enough to be noticed (+3°C 

compared to the +5°C of DBU). 

8.5 NMR analysis 

1H and 13C NMR analysis was carried out on numerous mixtures of HHA and the three amines.  

NMR was carried out before and after addition of a CO2 atmosphere to allow characterisation of 
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the switchable states.  Samples were placed in deuterated solvent (either chloroform, DMSO or 

acetonitrile) in a Young NMR sample tube which had a top fitted with a valve for addition or 

removal of gases.  Some samples had non-deuterated chloroform added as an internal standard to 

track any loss of reactants from changing the atmosphere in the sample tube to CO2.  NMR was 

used to see any shifts in the proton NMR and check the possible addition of the carbamate carbon 

(from the addition of the CO2) in the carbon NMR.  This would then act as test for the successful 

formation of the mixed carbamate SIL. 

Below are descriptions of the sample constituents and noteworthy observations made during the 

thawing and CO2 atmosphere application process. 

- HHA + TEA in deuterated acetonitrile – white precipitate seemed to form though dissolved 

back into the liquid by time sample reached room temperature. 

- HHA + TEA in deuterated DMSO - white precipitate seemed to form and collect at bottom.  

After inverting tube and shaking, dispersed the precipitate (fairly evenly) around the liquid.  

As reached room temperature the solid dissolved into the liquid. 

- HHA + TEA in chloroform and deuterated DMSO - a precipitate formed, spread out within 

the tube.  As sample reached room temperature the solid dissolved into the liquid. 

- HHA + DIPA in chloroform and deuterated DMSO – defrosted quickly though surface stayed 

solid until shaken to dissolve it. 

- HHA + Hünigs base in chloroform and deuterated DMSO – thawed from the top down 

compared to the other two amines which thawed evenly throughout the sample tube. 

- HHA + TEA in chloroform and deuterated acetonitrile (AcN) – slight precipitate formed 

though did not last long before dissolving into the liquid. 

- HHA + TEA – only a 13C spectrum taken to see if there is an effect of the solvent.  Observed 

uniform thawing though solid surface formed, which dissolved into the liquid with small 

amount of shaking. 

- HHA in chloroform and deuterated DMSO – no observable precipitate 

- HHA in chloroform, acetone and deuterated DMSO - no observable precipitate 

- HHA + DBU in chloroform and deuterated DMSO – Slight precipitate during thawing which, 

as previously, dissolved as sample reached room temperature.  However, there were small 

gas bubbles generated also, though not in a great quantity. 
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An NMR sample was also prepared of HHA + hexylamine in chloroform and deuterated DMSO.  

Singh et al230 found that amines absorb CO2 well in aqueous conditions, though this may change 

with the HHA present and without water present.  This was done also to then be checking tertiary, 

secondary and primary amines with the HHA.  The sample formed a precipitate from the top down 

which then proceeded to dissolve as the temperature rose to room temperature.  An increase in 

viscosity was also observed.   

 

8.6 ReactIR analysis 

In situ infrared (IR) spectroscopy was utilised to track formation of an amide peak in the possible 

SILs.  In situ IR or ReactIR is a spectroscopic method using the IR spectral range which can track 

changes in a defined environment during preparations and reactions.  This is particularly useful for 

liquid environments in the range of 2000-600 wave numbers (cm-1).  The amide C=O stretch 

happens between 1680-1630 cm-1.  This analytical technique was employed to allow comparison 

to the NMR data and provide additional data to reach a conclusion on the formation of the mixed 

carbamate.  The equipment used was a Mettler Toledo ReactIR 15 with iC IR 4.3 software. 

Detector required filling with liquid nitrogen that could not be re-filled during the run. Runs were 

therefore limited to 24 hours total, though this time frame was adequate. 

Each run was conducted in the same manner.  First, reference IR spectrums were taken of the 

amine (base) and then solvent (when used).  There was insufficient HHA for a reference to be 

taken each time, as required.  However, this difficulty was circumnavigated by being able to 

subtract the spectra of the other reactants which resulted in the spectrum of the HHA. 

To a small 2 necked flask the amine (base) was added and a closed staple, to act as a stirrer.  The 

IR data collection started and then the solvent was added.  Once the mixture had equilibrated, 

taking a few minutes, then the HHA was added.  After a few more minutes to equilibrate the flask 

was flushed with CO2 and then sealed under a CO2 atmosphere for 24 hours to see how the 

reaction progressed.  The base and hydroxylamine were used in stoichiometric amounts of 8 mmol 

without solvent and 0.8 mmol with solvent.  Solvent amount then used was 1.4 ml. 

Below are descriptions of the sample constituents and noteworthy observations made during the 

initial stages of the reaction. 
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- HHA + TEA – Preliminary test, a stirrer was only added part way through the test.  The very 

pale-yellow transparent liquid turned white/yellow and became opaque, with little change 

after 24 hours.   

- HHA + Hünigs base - Initially went yellow and opaque from transparent, with little change 

24 hours later. 

- HHA + DIPA - After ten minutes or so sample went all white and solid.  Stirrer got stock.  

Exothermic reaction.  Even sides of flask got cloudy from a thin solid layer it seems. 

- HHA + DIPA with DMSO solvent - No observable changes 

- HHA + DIPA with acetonitrile solvent - Liquid opaque with addition of CO2 and the next day 

the solid formed had settled on the bottom of the flask at the edge of the stirrer reach 

- HHA + DIPA with THF solvent - With addition of CO2 went translucent.  Seems partial solid 

formed, though had not collected as a precipitate 24 hours later. 

- HHA + DIPA with toluene solvent - no noticeable changes occurred 

- HHA + TEA with methanol solvent added half way into the run - On adding the methanol 

the opaqueness cleared and the mixture returned to pale yellow and transparent, as it was 

before addition of CO2. 

HHA was tested with acetonitrile, THF and toluene to see the solvent effect by using solvents of 

high, medium and low polarity respectively.  Methanol and DMSO were also used to discover their 

effect on SIL formation. 
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Chapter 9 Experimental part 2 Aniline series with caesium carbonate to 

form ionic liquid 

9.1 Introduction 

Primary or secondary amines will readily react with CO2 to form carbamic acid245.  Shown in Figure 

41. 

 

 

Figure 41 Reaction schematic of CO2 reacting spontaneously with an amine. 

Aniline having a primary amine group allows for it to form a carbamate with a suitable organic 

superbase when treated with CO2
246.  Also, containing aromatic moiety allows for variations of 

substituents and their effect on the CO2 absorption process.  As such it is a useful candidate in 

investigating the effect of the basicity in forming a carbamate by nucleophilic addition of CO2. 

To this end the superbase TMG is to be used as a comparison with the effect of caesium 

carbonate. Caesium carbonate is a powerful inorganic base.  Its ions dissociate most readily out of 

the alkali metals and has the highest solubility247.  It has potential for use in SILs to promote 

absorption of CO2 Tommasi and Sorrentino248 have reported direct carboxylation of imidazolium 

chlorides with CO2 (under 5 MPa) in the presence of Na2CO3, which provided the corresponding 

1,3-dialkylimidazolium-2-carboxylates with good yields and selectivity at 80 °C (Figure 42).   

 

Figure 42 carboxylation of imidazolium chlorides with CO2 and Na2CO3 

Unfortunately, this reaction isn’t naturally reversible, though Tommasi and Sorrentino did report 

the possibility to recycle the 1,3-dimethylimidazolium cation using a 2-step metathesis.  Cs2CO3 

used with tetrabutylammonium iodide (TBAI) was demonstrated to be an efficient catalyst in 

synthesising carbamates249.  In this process Cs2CO3, TBAI and alkyl halides were used in excess.  

The alkyl halides providing the alkyl groups for the carbamate formation.  However, without this 

then the reaction should stop at the formation of the carbamate ion and form an ionic liquid in the 
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right conditions.  Which forms part of this investigation, as Cs2CO3 provides a basis for use to help 

provide basicity (large enough ΔpKa) and possibly even catalytic properties for the addition of CO2.   

Aniline and 2 derivatives were tested for the different effectiveness between use of the literature 

proven TMG246 and Cs2CO3 as a replacement base.  The 3 reactants used were aniline, p-

nitroaniline and p-methoxyaniline (also known as p-anisidine), shown in Figure 43.  These 

derivatives were chosen as the nitro group acts as an electron withdrawing group and methoxy 

acts as an electron donating group.  The para-position was chosen as the resonance contribution is 

likely to be an important parameter in the overall charge density for the nitrogen in the amine 

group.  Which will determine the extent of the nucleophilic addition of CO2.  Theoretically, the 

higher the charge on the nitrogen, then the more successful the CO2 addition. 

 

Figure 43 Aniline and derivatives used in this experiment. 

An investigation was undertaken using ReactIR in situ testing.  Using ReactIR to track the change in 

the amide peak from before and after the application of a CO2 atmosphere.  The amide C=O 

stretch happens between 1680-1630 cm-1.  Each aniline (or derivative) was tested in equimolar 

amounts (1.6 mmol) with TMG and Cs2CO3 (individually) in DMSO (1.5 ml).   

A concentration series was also devised and collected for aniline and TMG, varying the Cs2CO3 

concentration.  This allows for the observation of the effects of Cs2CO3 on TMG activated systems.  

Aniline was used at 1.6mmol every time but different concentration series of Cs2CO3 were used in 

steadily increasing amount of TMG.  Such that 2 different concentration runs were carried out of 

TMG in concentrations of 0.32 mmol and 0.64 mmol (equal to 20% and 40% respectively of the 

amount of aniline).  Both the TMG concentrations were then tested against increasing Cs2CO3 

concentration of 0, 0.32, 0.64, 0.96 and 1.28 mmol (0, 0.2, 0.4, 0.6 and 0.8 equimolar amounts).  

Each experiment was carried out in DMSO at 1.5 ml.   
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9.2 Experimental procedure 

Fresh reference spectra were first collected for each substituent to be used.  References were 

taken of aniline (or derivative), TMG, DMSO, and DMSO with Cs2CO3 in.  The Cs2CO3 never 

completely dissolved in the DMSO, though did appear to partially dissolve, so this was taken as the 

reference spectra for the Cs2CO3 for use when data processing.  Since solid samples are not able to 

be recorded with the ReactIR probe.  References were only taken of the TMG or Cs2CO3 when they 

were present in the reaction medium. 

The probe was fitted with a 2-necked small round bottomed flask, which contained a flattened 

staple as a stirrer.  First in the flask was placed aniline (or derivative) and DMSO solvent and the 

run started.  Then after equilibration (10-20 minutes) the base TMG was added.  After at least 30 

minutes (to gauge any effect of the TMG and let the solution equilibrate and mix properly) the 

Cs2CO3 was added.   Then after at least another 30 minutes (again to gauge any effect of the 

Cs2CO3 and let the solution equilibrate), the flask was flushed with CO2 and then sealed under a 

CO2 atmosphere for the remainder of the experiment run.  This was done by fitting a balloon full 

of CO2 to the second neck of the flask. 

The detector required filling with liquid nitrogen that could not be re-filled during the run. Runs 

were run for 24 hours total.  For aniline derivatives used with Cs2CO3 and TMG the total time used 

in the data was after an hour without CO2 atmosphere and then after CO2 atmosphere roughly 16 

hours into the total run (before the liquid nitrogen started running low and affecting the accuracy 

of the probe).  For the aniline-TMG concentration series this was lowered to only 8 hours into the 

run as this was seen to be sufficient time for any and all reactions to take place, observed from the 

data collected in the aniline and derivatives series. 

 

During the aniline derivative run the following observations were made concerning each 

experiment. 

- Aniline and Cs2CO3 – Initially only DMSO present (transparent).  Upon addition of aniline 

(aniline is a yellow liquid) no change in liquid observed.  After (25 minutes) addition of 

Cs2CO3 (white powder) no change, slight amount of powder dissolved. A gradual increase in 

a yellow colour appeared.  After adding the CO2 balloon there was no immediate change.  

After 20 minutes the solution became more opaque.  After 40 minutes it was almost 

completely opaque with a creamy yellow/white colour.  The Cs2CO3 crystals could still be 
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seen at the bottom of the flask.  By the following day had turned slightly pink and after the 

experiment finished I noticed the solution had an increased viscosity. 

- Para-nitroaniline and Cs2CO3 - Initially DMSO with p-nitroaniline (yellow crystals at room 

temperature) dissolved in the form of a yellow solution.  Upon addition of the crystal 

Cs2CO3, the solution turned dark red and the Cs2CO3 crystals that didn’t dissolve (most of 

them) sat on the bottom of the flask.  Over time red colour faded.  With addition of the 

CO2 the solution turned yellow/rose and ending in brown/orange at the end with a yellow 

sludge at the bottom.  Increased viscosity also observed. 

- Para-methoxyaniline and Cs2CO3 - Initially DMSO with p-methoxyaniline (black crystals at 

room temperature) dissolved in the form of a black solution.  Cs2CO3 crystals didn’t 

dissolve and were tinted grey by the black solution when added.  No noticeable difference 

from CO2 addition.  By the end of the experiment the Cs2CO3 crystals formed more of a 

sludge at the bottom of the flask and the meniscus was tinted yellow at the edges of the 

flask.  There was a marked increase in viscosity and the black colour had faded slightly to a 

dark grey. 

- Aniline with TMG - Initially DMSO with aniline, transparent solution.  Upon addition of TMG 

there was a yellow tinge added to the mixture.  However, upon adding the CO2 there were 

no observable changes and by the end of the experiment the colour had turned more 

red/orange. 

- Para-nitroaniline and TMG - Started with DMSO and p-nitroaniline (yellow crystals 

dissolved to give yellow solution again).  After adding the TMG the solution instantly 

turned red/dark orange.  No immediate change from adding CO2.  No large differences at 

the end, though was a yellow precipitate formed slightly on the edges of the flask. 

- Para-methoxyaniline and TMG – Initially a black solution of the solid p-methoxyaniline 

crystals in DMSO.  After TMG added, no immediate change.  Still a black liquid which had a 

slight yellow meniscus.  After adding CO2 no immediate change. 

 

The observed pattern for the aniline-TMG concentration series was as such: 

Starting with DMSO and aniline (slightly yellow solution), after adding the TMG no new 

observations.  After Cs2CO3 the yellow tinge started to increase gradually.  After the addition of 

the CO2 balloon the colour became opaquer and creamier coloured, the Cs2CO3 crystals still 
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present on bottom of flask.  With increasing Cs2CO3 amounts there was also observed an increase 

in viscosity.  Likely from the increasing amount of solid particles dispersed amongst the liquid. 
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Chapter 10 Results and Discussion of experimental part 1 

10.1 Synthesis of O-hexylhydroxylamine 

For the first part of the synthesis the literature method developed into the final method in a few 

ways.  For example, after the first part of the reaction was complete and cooled and poured into 

the water the literature version went straight to filtering.  However, leaving in the fridge for a few 

hours allowed for many more crystals to form since directly after the decoction of the mixture few 

solid crystals seemed present.  Also, the solid product at the end was washed in just water rather 

than with hexane as the product was partially miscible in hexane and so led to loss of product and 

reduction of yield.  Also, for later synthesises the product wasn’t dried as far as possible as in the 

next step of the synthesis it is placed in aqueous conditions. 

In the second part of the synthesis method originally the method instructed use at room 

temperature however this took over 24 hours to reach completion.  The temperature was 

systematically increased to 50-55°C as this was the lowest temperature that allowed the reaction 

to be completed in a timely fashion (less than 12 hours) without heating the mixture too much to 

cause it to reflux thus requiring more water, energy and possibly causing degradation.  The yield 

for the second part of the synthesis was 29.1%, however this is a new synthesis method and as 

such there is no literature value to compare it with.  The patent method that used hydrazine 

monohydrate (which is highly toxic and unstable unless in solution) gave a yield of 54.3% of 

hydroxylamine and takes 4 hours for reaction time.  Though this new synthesis method takes 

longer and has a lower yield it does not require hydrazine and the yields I think with further 

investigation could become comparable. 

10.2 NMR results 

HHA with DBU gave a positive result from the 1H and 13C spectra.  The comparisons of before and 

after CO2 addition are shown in Figures 44 and 45.  The individual spectra can be found in the 

supporting materials (Figures 69 & 70).  With the labile protons in the 1H spectra this explains why 

there is such resolution loss for the peaks and a slight shifting is observable of the peaks nearest 

the N and O.  For the 13C data the appearance of the carbamate peak (at 162.31 ppm) indicates 

the formation by the additional C present in the compound.  The adjacent carbons have also been 

shifted because of this addition. 
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Figure 44 3H NMR comparisons of DBU and HHA before and after application of CO2 atmosphere.  Before is 
on top and the after is on the bottom. 
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Figure 45 13C NMR comparisons of DBU and HHA before and after application of CO2 atmosphere.  Before is 
on top and the after is on the bottom. 
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There was a positive result from the hexylamine and HHA, however hexylamine has the ability to 

form a carbamate on its own and was already indicated as working from literature245.  Primary 

amines have this ability and as such that is why only one was tested as an appropriate possible 

DBU replacement.  From the 1H spectra before and after addition of CO2 atmosphere there is a 

change in the peak containing the adjacent –CH2- group in the alkyl chains.  From integrating this 

peak, it can be seen that there is a loss of 2 hydrogens (from 23.58 to 21.34), implying the shift of 

the peak of the nearest carbon (labelled 13 in the spectra) to the amine in hexylamine.  This peak 

has shifted up after addition of CO2 while the alpha carbon protons on the HHA (marked 6) have 

not shifted i.e. a change in peak 13 but not in peak 6.  The proton NMR are shown in Figures 46 

and 47. 

 

Figure 46 1H NMR of hexylamine and HHA before addition of CO2 
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Figure 47 1H NMR of hexylamine and HHA after addition of CO2 

The scales for both these proton NMR are also incompatible for a stacked illustration to show the 

similarities and differences between the spectra, so they are illustrated in separate Figures. 

From the 13C NMR interpretation and comparison it can be seen that a new peak appears in the 

region expected for the carbamate, in this case 159.65 ppm.  This can be seen in Figure 48, with 

the individual interpretations in the supporting materials.  There seems to be a small impurity in 

the sample which gives rise to the minor peaks that are present (likely diethylether still present 

from the HHA synthesis). 

There is a doublet present at 1.78 and 1.76 ppm that is of unknown origin yet is slightly above the 

other impurities and is present in nearly all NMR samples taken (except those which have a peak 

present in this region already, in which case it is obscured).  After consulting numerous tables of 

common (and uncommon) impurities these peaks still remain undesignated.  Though since they 

are minor peaks compared to the main substituents they have been classified as an unknown 

impurity. 
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Figure 48 13C NMR comparisons of hexylamine and HHA before and after application of CO2 atmosphere.  
Before is on top and the after is on the bottom. 

 

None of the HHA samples with the 3 amines (TEA, DIPA and Hünigs base) provided a positive result 

for the formation of a carbamate, in any of the solvents tried.  Concluded from the similar NMR 

shifts of before and after CO2 application.   In addition to the lack of new carbon peak in the 13C 

spectra.  This may be because, despite their high pKa values, they are still not as high as the 

superbases of amidines and guanidines. The bases used also do not contain any imine 

functionality, which may also be a contributing factor.  As superbase “basicity is proportional to 

the number of the substituted nitrogen functions at the same carbon atom”250, in which the three 

bases chosen do not contain, being based on a central N instead. 

The 3 amines with HHA NMR spectra can be found in the supporting materials under the 

appropriate headings. 

 



62 
 

10.3 ReactIR results 

For the ReactIR results primarily the formation of the amide peak can be seen as confirmation of 

the carbamate forming as there is no N attached to a carbonyl carbon otherwise.  The amide C=O 

stretch happens between 1680-1630 cm-1 according to the ICR software version 4.3 that was used 

with the React IR instrument.  Which was corroborated by Tables for Organic Spectrometry by 

Tapio Hase251.  

HHA + TEA – Amide peak appeared at 1663 cm-1 though was part of three broad peaks and only 

appeared after 14 hours.  Suggesting that there is more than one compound present and that the 

solution needs to be saturated with CO2 before a reaction will occur.  This is shown in Figure 49.   

 

Figure 49 ReactIR spectrum of HHA and TEA. Amide peak appeared at 1663 cm-1. 

 

HHA + Hünigs base – A change in the IR spectrum was observed, though no discernible amide peak 

became apparent.  The ReactIR spectrum is shown in Figure 50.  This data matches that shown 

with 1H and 13C NMR, allowing the conclusion to be made that HHA and Hünigs base do not form 

an SIL with CO2 as the trigger molecule. 
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Figure 50 ReactIR spectrum of HHA and Hünigs base. 

 

HHA + DIPA - After ten minutes or so sample went all white and solid.  Stirrer got stock.  

Exothermic reaction.  Even the sides of flask got cloudy from a thin layer it seems.  An amide peak 

arose at 1633 cm-1.  This is shown in Figure 51.  As the entire sample solidified it may be that it 

solidified on the probe head and as such that is what the probe registered.  However, it is difficult 

to determine if this is exactly what the results show. 

 

Figure 51 ReactIR spectrum of HHA and DIPA. Amide peak appeared at 1633 cm-1 
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HHA + DIPA with DMSO solvent – Slight peak appears but broad and not very high at 1656 cm-1.  

Compared to the whole spectrum, no real peak.  The ReactIR spectrum can be seen in Figure 52. 

 

Figure 52 HHA + DIPA with DMSO solvent 

 

HHA + DIPA with acetonitrile solvent – approximately 1h30 after CO2 was added there was a peak 

which changed from a broad single peak at 1644 cm-1 and turns into 2 peaks of 1637 cm-1 and 

1656 cm-1.  This is can be seen in Figure 53.  The two peaks arising could be the carbamate reacting 

further into 2 new products, the previous peak could change at the moment the solution becomes 

saturated with CO2 allowing another reaction can take place.  There is insufficient data to 

completely characterize what these substances are. 
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Figure 53 HHA + DIPA with acetonitrile solvent. Amide peak appeared at 1644 cm-1 and turns into 2 peaks of 
1637 cm-1 and 1656 cm-1. 

 

HHA + DIPA with THF solvent – Definitive peak seen at 1652 cm-1 after addition of CO2 atmosphere.  

This peak however degrades with time.  Showing that either the product is decaying or is 

solidifying and then precipitating out of solution.  Though as a precipitate was not seen to form it 

therefore seems most likely that there is an initial formation but the product decays, releasing the 

CO2.  This spectrum can be seen in Figure 54. 

 

Figure 54 HHA + DIPA with THF solvent.  Amide peak appeared at 1652 cm-1. 
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HHA + DIPA with toluene solvent – broad small peak appears at 1652 cm-1 again, though not as 

defined. Becomes more defined after 7 hours, though nothing was changed in that interval.  It may 

be that the whole solution needed to be saturated with dissolved CO2 before a reaction could 

occur.  The ReactIR spectrum can be seen in Figure 55. 

 

Figure 55 HHA + DIPA with toluene solvent.  Amide peak at 1652 cm-1 

 

HHA + TEA with methanol solvent added half way into the run - An indistinct peak appeared once 

CO2 was added, though this changed to become sharper and taller upon addition of methanol at 

around 1642 cm-1.  From this data there is the implication of an alternative product being formed 

upon addition of methanol.  If a carbamate is indeed formed, then the methanol would be able to 

react with the carbamate anion to form the alkylcarbamate with the methyl group being provided 

by the methanol.  The IR spectrum over time is shown in Figure 55. 
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Figure 56 HHA + TEA with methanol solvent added half way into the run.  The amide peak was at 1659 cm-1 
before methanol, after methanol 1641 cm-1. 

 

From these IR results It can be seen that an extended, >7 hours, can required for the appearance 

of the amide peak as the solution becomes saturated with dissolved CO2.  Which indicates the 

formation of the carbamate as the amide peak is appearing.  However, without NMR data to 

corroborate this it is difficult to make that conclusion.  It may be that the ReactIR is able to pick up 

signals from the dispersed solids present in the liquid that NMR cannot.   

 

10.4 Conclusions 

1H and 13C NMR analysis was carried out on numerous mixtures of HHA and the three basic amines 

TEA, Hünigs base, DIPA and superbase DBU.  From the NMR data it can be observed that HHA 

forms a SIL with DBU, though unsuccessfully with any of the amines.  HHA was also tested with 

hexylamine, however the data suggests that a carbamate was only formed from the primary 

amine on its own.  With no reaction happening with the HHA. 

 

From the ReactIR data collected it can be seen that a reaction does occur between HHA and TEA 

though takes more than 14 hours.  This may be why the new peaks were unobserved in the NMR 

data as it was carried out on a shorter timescale and so the liquid phase was not completely 

saturated with CO2 to allow the reaction.  The sample from the successful ReactIR trial had NMR 
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conducted on it but required the addition of deuterated solvent (DMSO) which could have caused 

the decomposition of the SIL/release of CO2 and that is why the carbamate peak was not present.  

Based on IR data, it seems a SIL is formed, but it decomposes in the presence of solvents.  Perhaps 

ESI-MS would allow for the ions to be characterised and check the addition of the CO2. 

Within the HHA and DIPA reactions in different solvents, clearly a reaction takes place from the 

exothermic nature and peaks appearing in ReactIR.  From the polar acetonitrile solvent, it seems 

the SIL is a solid at room temperature and drops out of solution as it forms.  However, this physical 

observation is countered by the ReactIR giving a signal in the amide region.   The medium polarity 

THF showed a degradation of the signal after it formed. While the low polarity toluene solvent it 

eventually did increase its amide peak after a certain amount of time.  From these results it can be 

observed that without a solvent HHA and DIPA form a solid SIL, which also happens in a polar 

solvent where the SIL precipitates out.  In a medium polarity solvent, the SIL is not stable and 

degrades into the original reactants.  In a low polarity solvent there is an amide peak forming but 

only after the solution has become fully saturated with CO2 to allow the reaction.  Which could be 

why it is not observed in NMR.  Further analytical techniques could be employed to characterise 

the solid formed from HHA and DIPA.  The HHA and DIPA reaction is successful in forming a SIL, 

but it is unstable in the presence of solvent, with further analysis required for complete 

characterisation. 

 

Figure 57 illustrates a summary of the reactions investigated as part of this work.  The known 

reaction results from data collected and literature are shown.  Those reactions whose data was 

inconclusive are left blank.  Hünigs base was shown by the agreeing NMR and ReactIR data to not 

form an SIL or undergo CO2 absorption, as such a cross has been placed to show this reaction does 

not work. 
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Figure 57 Overall reaction schematic undertaken during this work. 
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Chapter 11 Results and Discussion of experimental part 2 

From the ReactIR spectral data calculations can be made regarding the amount of carbamate 

being formed, i.e. the size of the amide peak.  The area under the amide peak curve was 

calculated before and after the addition of CO2 to track the reaction progress and successfulness.  

This was done for both the aniline derivative series and the aniline-TMG concentration series.   

Three different spectra values were taken before and after CO2 and the values averaged for the 

comparison.  The peak was taken to be in the range 1680-1630 cm-1.  IR spectra data values were 

taken from just before CO2 was added, so after at least an hour of aniline (or derivative) and then 

after 16 (or 8 for the aniline-TMG concentration series) hours.  As signal after 16 hours was less 

consistent and also near the end of liquid nitrogen required by the detector. 

 

11.1 Aniline derivative series 

The results can be seen in table 1 using the above data calculation methods. 

Table 1 Aniline and derivative results of reactions with TMG and Cs2CO3. 

  

Increase 
from CO2 Peaks before CO2 (cm-1) After CO2 (cm-1) 

Aniline + Cs2CO3 5,0446 1 1641 1637  

Aniline + TMG 15,9032 1-2 1638 1641+ 1600 

p-nitroaniline + Cs2CO3 9,0142 1 1656 1659 

p-nitroaniline + TMG 16,4009  1 1656 1659 

p-methoxyaniline + Cs2CO3 14,3085 2 1641 1656 + 1633 

p-methoxyaniline + TMG 13,7624 1-2 1641 1633 + 1600 

 

Anilines amide peak with TMG overlapped with the existing aniline peak at 1600 cm-1 which may 

have affected the accuracy results since the peaks overlap.  This spectrum can be found in the 

supporting materials.  After CO2 was added in p-methoxyaniline with TMG the amide peak became 

merged with the pre-existing peak from TMG at 1600 cm-1 (also a further peak around 1570 cm-1), 

rather than 2 peaks arising from the amide as was the case with p-methoxyaniline and Cs2CO3.  

This overlap could also explain why the 2 peaks have slightly different values between the Cs2CO3 

and the TMG.  These peaks from the ReactIR can be seen in Figures 58 and 59. 

 



71 
 

 

Figure 58 React IR of the amide peak area for p-methoxyaniline and Cs2CO3 
 

 

Figure 59 React IR of the amide peak area for p-methoxyaniline and TMG 

The overall spectra for p-methoxyaniline with Cs2CO3 (Figure 60) and TMG (Figure 61) are shown in 

their respectful Figures. 
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Figure 60 Spectra of p-methoxyaniline with Cs2CO3 in DMSO in the amide region, including references. 

 

 

Figure 61 Spectra of p-methoxyaniline with TMG in DMSO in the amide region, including references. 

 

From the results in table 1 it can be seen that aniline and p-nitroaniline both react in a similar way.  

Both shift ever so slightly (only a few wavenumbers) upon reaction with CO2.  Also, they seem to 

form the same product with both TMG and Cs2CO3.  Despite the same product forming it is also 
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clear that significantly more product forms when using TMG than Cs2CO3, three times and nearly 

twice as much for aniline and p-nitroaniline respectively.  As an electron withdrawing group, this 

smaller increase for p-nitroaniline makes sense, as it will attenuate the addition of the CO2. 

 

P-methoxyaniline is most predisposed to react to form the carbamate adduct according to Liu et 

al252 as they tested also aniline, p-nitroaniline and p-methoxyaniline against CO2.  This could be 

because the –OMe group in the para position works as an electron donating group, which 

stabilises the N with a higher charge density to support the CO2 addition reaction.  Which would 

explain the only slight difference between p-methoxyanilines amide peak using TMG or Cs2CO3. 

 

An IL catalyst allows for a catalysis of the CO2 process, shown by Zhang et al.246 as shown in Figure 

62.  They used a silicate ester as the alkoxy donator in the formation of a synthetic carbamate 

using various DBU derived ILs.  The also used just DBU on its own, which also demonstrated a 

catalytic effect.  As such it is not unreasonable to presume that TMG could act in a similar manner, 

both being organic superbases containing imine functionality.  

 

Figure 62 IL (DBU) catalysed reaction of aniline forming a carbamate with addition of CO2.  The alkoxy group 
is donated from the silicate ester. 

 

However, this also allows for a side product to form, found in the same article and shown in Figure 

63.   

 

Figure 63 Small amount of this side reaction occurred from the reaction shown in Figure 62. 

In the current experiment this reaction pathway seems more likely since a suitable silicate ester is 

not available to donate the alkoxy group.  So, for para-methoxyaniline, a reaction schematic can 

be seen in Figure 64.  As p-methoxyaniline has an electron donating group in the para-position this 
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will help drive the nucleophilic addition by increasing the charge density on the nitrogen.  Enough 

it seems to occur twice per CO2 molecule.  This would explain the 2 peaks for p-methoxyaniline as 

it could be forming the carbamic acid/IL as well as the diphenylurea, both of which would have an 

amide peak in the similar area. 

 

 

Figure 64 Possible reaction to cause 2 different peaks in p-methoxyaniline reaction with CO2. 

In addition, Cs2CO3 as a base catalyst in NMP (N-methylpyrrolidone) solvent has been found to 

prepare urea derivatives from amines and CO2 (in absentia of any dehydrating agents)253.  Making 

this conclusion the most likely reason for the 2 peaks appearing in the amide region for p-

methoxyaniline.  However further analysis would be required for full confirmation. 

 

11.2 Aniline-TMG concentration series 

The tables of the results can be seen in tables 2 and 3.  A graph of these values is plotted and can 

be seen in Figure 65. 

Table 2 Results for aniline (1.6mmol) and TMG (0.32 mmol) with the Cs2CO3 series of concentrations. 

Proportion of Cs2CO3 Cs2CO3 concentration (mmol) Difference in area under graph 

0 
0 4,2135 

0,2 0,32 5,0387 

0,4 0,64 7,5542 

0,6 0,96 12,3828 

0,8 0,128 10,3761 

 

Table 3 Results for aniline (1.6mmol) and TMG (0.64 mmol) with the Cs2CO3 series of concentrations. 

Proportion of Cs2CO3 Cs2CO3 concentration (mmol) Difference in area under graph 

0 
0 6,5374 

0,2 0,32 8,3932 

0,4 0,64 7,0166 
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0,6 0,96 7,7974 

0,8 0,128 10,3318 

 

2 trends can be observed from these results.  As the concentration of TMG increases, as does the 

formation of the amide peak, and so the formation of the carbamate.  With increasing Cs2CO3 

there can also be observed an increase in peak area and so increased carbamate formation.  

However, from the second half of each TMG concentration further investigation is required, with 

higher concentration series of TMG.  This way it can be assessed if this is the same for all TMG 

concentrations or just low concentrations if working in sub-optimal stoichiometric amounts.  As 

the increased amount of solid Cs2CO3 was used this also could have affected the probe as it is 

designed to read in situ for liquid systems.  The dispersion of the Cs2CO3 crystals in solution could 

have affected the data collected. 

 

 

Figure 65 Graph of increase in amide IR signal against the proportion of Cs2CO3 in the reaction.  Different 
TMG concentration series are plotted. 
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The ReactIR equipment broke down shortly after my experiments concluded, which could have 

caused the anomalies in my later data points.  Particularly those data collected at higher Cs2CO3 

(amounts in both TMG series’ being sufferers of equipment malfunction. 

As such it would be remiss to attempt to make particular hard conclusions regarding these data 

series and clearly further investigation is required, with confirmatory analytical techniques 

employed.  Such as NMR or ESI-MS.  Which would allow for a more in-depth analysis of what is 

happening. 

 

11.3 Conclusions 

From the aniline derivative series, it can be observed that Cs2CO3 does indeed work as a substitute 

for TMG as a base for the addition of CO2.  The peak increase for the amide is not as much as TMG 

however there is still a significant effect.  An electron donating group in the para position of the 

aniline can help improve this performance, in this case it was p-methoxyaniline.  However, there 

are additional reactions that occur that would require further analysis to confidently characterise 

the products. 

From the aniline-TMG series it can be observed there is a correlation between the carbamate 

formation from CO2 with increasing Cs2CO3 and TMG concentration.  However additional 

concentrations series of the TMG concentration (of 0.96 and 1.28 mmol) with the increasing 

Cs2CO3 could help give a more complete picture of the trends and help identify anomalies within 

the data set, which were likely a result of malfunction of the ReactIR equipment.  

 

 

 

 

 

 

  



77 
 

References 

1 P. Walden, Извѣетія Императорской Акадѳміи Наукъ, Bull. l’Académie Impériale des Sci. 

St.-Pétersbourg., 1914, 8, 405–422. 

2 C. Graenacher, US Pat. US 1943176, 1934, 4. 

3 F. H. Hurley and T. P. J. Wler, J. Electrochem. Soc., 1951, 98, 203–206. 

4 H. Li Chum, V. R. Koch, L. L. Miller and R. A. Osteryoung, J. Am. Chem. Soc., 1975, 97, 3264–

3265. 

5 J. Robinson and R. A. Osteryoung, J. Am. Chem. Soc., 1979, 101, 323–327. 

6 J. S. Wilkes, J. A. Levisky, R. A. Wilson and C. L. Hussey, Inorg. Chem., 1982, 21, 1263–1264. 

7 D. Appleby, C. L. Hussey, K. R. Seddon and J. E. Turp, Nature, 1986, 323, 614–616. 

8 C. M. Kear, T. B. Scheffler, P. D. Armitage, K. R. Seddon and C. L. Hussey, Inorg. Chem., 1983, 

22, 2099–2100. 

9 J. S. Wilkes, Green Chem., 2002, 4, 73–80. 

10 C. L. Hussey, Pure Appl. Chem., 1988, 60, 1763–1772. 

11 S. E. Fry and N. J. Pienta, J. Am. Chem. Soc., 1985, 107, 6399–6400. 

12 J. A. Boon, J. A. Levisky, J. L. Pflug and J. S. Wilkes, J. Org. Chem., 1986, 51, 480–483. 

13 J. S. . Wilkes and M. J. Zaworotko, J. Chem. Soc., Chem. Commun, 1992, 04, 965–967. 

14 J. H. Davis, K. J. Forrester and T. Merrigan, Tetrahedron Lett., 1998, 39, 8955–8958. 

15 K. R. Seddon, J. Chem. Technol. Biotechnol., 1997, 68, 351–356. 

16 M.-L. Riekkola and S. C. Broch, J. Chromatogr. A, 2018, 1559, 1. 

17 D. R. MacFarlane, M. Kar and J. M. Pringle, Fundamentals of Ionic Liquids: From Chemistry to 

Applications, Wiley-VCH Verlag GmbH & Co. KGaA, 2017. 

18 N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev., 2008, 37, 123–150. 

19 L. Spiccia, D. R. MacFarlane, F. Zhou, R. K. Hocking and A. Izgorodin, Adv. Energy Mater., 

2012, 2, 1013–1021. 

20 J. Ranke, S. Stolte, R. Störmann, J. Aming and B. Jastorff, Chem. Rev., 2007, 107, 2183–2206. 

21 M. J. Earle, J. M. S. S. Esperança, M. A. Gilea, J. N. C. Lopes, L. P. N. Rebelo, J. W. Magee, K. 

R. Seddon and J. A. Widegren, Nature, 2006, 439, 831–834. 

22 C. Daguenet, P. J. Dyson, I. Krossing, A. Oleinikova, J. Slattery, C. Wakai and H. Weingärtner, 

J. Phys. Chem. B, 2006, 110, 12682–12688. 

23 H. Tokuda, S. Tsuzuki, M. A. B. H. Susan, K. Hayamizu and M. Watanabe, J. Phys. Chem. B, 



78 
 

2006, 110, 19593–19600. 

24 M. D. Morton and C. K. Hamer, Sep. Purif. Technol., 2018, 196, 3–9. 

25 T. Welton, Biophys. Rev., 2018, 10, 691–706. 

26 P. S. and C. A. A. Douglas R. MacFarlane, Naoki Tachikawa, Maria Forsyth, Jennifer M. 

Pringle, Patrick C. Howlett, Gloria D. Elliott, James H. Davis, Jr., Masayoshi Watanabe, 

Energy Environ. Sci., 2014, 7, 232–250. 

27 G. Cui, J. Wang and S. Zhang, Chem. Soc. Rev., 2016, 45, 4307–4339. 

28 F. Zhou, Y. Liang and W. Liu, Chem. Soc. Rev., 2009, 38, 2590–2599. 

29 Q. Zhang, S. Zhang and Y. Deng, Green Chem., 2011, 13, 2619–2637. 

30 F. Jutz, J.-M. Andanson and A. Baiker, ChemInform, 2011, 42, no-no. 

31 P. Zhang, T. Wu and B. Han, Adv. Mater., 2014, 26, 6810–6827. 

32 X. Sun, H. Luo and S. Dai, Chem. Rev., 2012, 112, 2100–2128. 

33 D. Albanese, D. Landini, A. Maia and M. Penso, J. Mol. Catal. A Chem., 1999, 150, 113–131. 

34 E. S. Blackmore and G. J. T. Tiddy, J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys., 1988, 84, 

1115–1127. 

35 J. Pernak, J. Krysinski and A. Skrzypczak, Pharmazie. 

36 Q. Zhang and J. M. Shreeve, Chem. Rev., 2014, 114, 10527–10574. 

37 K. Binnemans, Chem. Rev., 2005, 105, 4148–4204. 

38 K. Goossens, K. Lava, C. W. Bielawski and K. Binnemans, Chem. Rev., 2016, 116, 4643–4807. 

39 C. Verma, E. E. Ebenso and M. A. Quraishi, Green Chem., , DOI:10.5772/intechopen.70421. 

40 K. R. Seddon, Kinet. Catal. 

41 P. Bonhôte, M. Armand, N. Papageorgiou, A.-P. Dias, K. Kalyanasundaram and M. Grätzel, 

Inorg. Chem., 1996, 35, 1168–1178. 

42 R. P. Swatloski, R. D. Rogers, J. G. Huddleston, H. D. Willauer and A. E. Visser, Chem. 

Commun., 1998, 1765–1766. 

43 S. V. Dzyuba and R. A. Bartsch, Chem. Commun., 2001, 1, 1466–1467. 

44 A. N. Soriano, D. T. J. Bonifacio and M.-H. Li, J. Chem. Eng. Data, 2008, 53, 2550–2555. 

45 S. Wang and X. Wang, Angew. Chemie - Int. Ed., 2016, 55, 2308–2320. 

46 L. Yang, C. Wei, S. Fang, K. Tachibana, K. Kamijima and C. Peng, Electrochem. commun., 

2007, 9, 2696–2702. 

47 K. Fukumoto, M. Yoshizawa and H. Ohno, J. Am. Chem. Soc., 2005, 127, 2398–2399. 

48 D. R. MacFarlane, S. A. Forsyth, J. Golding and G. B. Deacon, Green Chem., 2002, 4, 444–448. 



79 
 

49 J. M. Pringle, J. Golding, C. M. Forsyth, G. B. Deacon, M. Forsyth and D. R. MacFarlane, J. 

Mater. Chem., 2002, 12, 3475–3480. 

50 J. Dupont, R. F. de Souza and P. A. Z. Suarez, Chem. Rev., 2002, 102, 3667–3692. 

51 J. H. Liao, P. C. Wu and W. C. Huang, Cryst. Growth Des., 2006, 6, 1062–1063. 

52 C. A. Ober and R. B. Gupta, Ind. Eng. Chem. Res., 2012, 51, 2524–2530. 

53 J. Fuller, R. T. Carlin and R. A. Osteryoung, J. Electrochem. Soc., 1997, 144, 3881. 

54 J. Golding, D. R. MacFarlane, G. B. Deacon, S. Forsyth and M. Forsyth, Chem. Commun., 

2001, 1430–1431. 

55 J. L. Anthony, E. J. Maginn and J. F. Brennecke, J. Phys. Chem. B, 2002, 106, 7315–7320. 

56 J. L. Anthony, J. L. Anderson, E. J. Maginn and J. F. Brennecke, J. Phys. Chem. B, 2005, 109, 

6366–6374. 

57 J. M. Crosthwaite, S. N. V. K. Aki, E. J. Maginn and J. F. Brennecke, J. Phys. Chem. B, 2004, 

108, 5113–5119. 

58 A. Yokozeki, M. B. Shiflett, C. P. Junk, L. M. Grieco and T. Foo, J. Phys. Chem. B, 2008, 112, 

16654–16663. 

59 A. S. Larsen, J. D. Holbrey, F. S. Tham and C. A. Reed, J. Am. Chem. Soc., 2000, 122, 7264–

7272. 

60 M. T. Garcia, N. Gathergood and P. J. Scammells, Green Chem., 2005, 7, 9–14. 

61 M. T. Mota-Martinez, P. Brandl, J. P. Hallett and N. Mac Dowell, Mol. Syst. Des. Eng., 2018, 

3, 560–571. 

62 P. Page, 2011, 78–99. 

63 E. S. Sashina, A. M. Bochek, N. P. Novoselov, D. A. Kashirskii and A. A. Murav’ev, Perspective 

of Using ILs as ‘Green Solvents’, 2016. 

64 P. Page, 2012, 189–204. 

65 O. Kuzmina, Methods of IL Recovery and Destruction, 2016. 

66 O. Kuzmina, Appl. Purification, Recover. Ion. Liq., 2016, 249–263. 

67 X. Zhang, X. Zhang, H. Dong, Z. Zhao, S. Zhang and Y. Huang, Energy Environ. Sci., 2012, 5, 

6668–6681. 

68 B. Gilbert, Y. Chauvin, H. Olivier and F. Di Marco-Van Tiggelen, J. Chem. Soc. Dalt. Trans., 

1995, 3867–3871. 

69 J. H. Liao and W. C. Huang, Inorg. Chem. Commun., 2006, 9, 1227–1231. 

70 B. Clare, A. Sirwardana and D. R. MacFarlane, Top. Curr. Chem., 2009, 290, 1–40. 



80 
 

71 C. M. Gordon, J. D. Holbrey, A. R. Kennedy and K. R. Seddon, J. Mater. Chem., 1998, 8, 2627–

2636. 

72 Y. Matukawa, Y. Haramoto, M. Nanasawa, M. Yin and S. Ujiie, Liq. Cryst., 1995, 19, 319–320. 

73 S. A. Forsyth, J. M. Pringle and D. R. MacFarlane, Aust. J. Chem., 2004, 57, 113–119. 

74 J. E. Gordon and G. N. SubbaRao, J. Am. Chem. Soc., 1978, 100, 7445–7454. 

75 J. Sun, D. R. MacFarlane and M. Forsyth, Ionics (Kiel)., 1997, 3, 356–362. 

76 J. Sun, M. Forsyth and D. R. MacFarlane, J. Phys. Chem. B, 1998, 102, 8858–8864. 

77 S. D. Jones, J. Electrochem. Soc., 2006, 136, 424. 

78 S. Handy, Curr. Org. Chem., , DOI:10.2174/1385272054368411. 

79 A. J. Robertson, C. J. Bradaric, C. Kennedy, Y. Zhou and A. Downard, Green Chem., 2003, 5, 

143–152. 

80 M. De Giorgi, D. Landini, A. Maia and M. Penso, Synth. Commun., 1987, 17, 521–533. 

81 J. D. Holbrey and K. R. Seddon, J. Chem. Soc. Dalt. Trans., 1999, 2133–2139. 

82 A. E. Visser, J. D. Holbrey and R. D. Rogers, Chem. Commun., 2001, 1, 2484–2485. 

83 S. Chun, S. V. Dzyuba and R. A. Bartsch, Anal. Chem., 2001, 73, 3737–3741. 

84 K. N. Marsh, J. A. Boxall and R. Lichtenthaler, Fluid Phase Equilib., 2004, 219, 93–98. 

85 E. D. Bates, R. D. Mayton, I. Ntai and J. H. Davis, J. Am. Chem. Soc., 2002, 124, 926–927. 

86 A. C. Cole, J. L. Jensen, I. Ntai, K. L. T. Tran, K. J. Weaver, D. C. Forbes and J. H. Davis, J. Am. 

Chem. Soc., 2002, 124, 5962–5963. 

87 D. J. Brauer, K. W. Kottsieper, C. Liek, O. Stelzer, H. Waffenschmidt and P. Wasserscheid, J. 

Organomet. Chem., 2001, 630, 177–184. 

88 K. W. Kottsieper, O. Stelzer and P. Wasserscheid, J. Mol. Catal. A Chem., 2001, 175, 285–

288. 

89 C. P. Mehnert, R. A. Cook, N. C. Dispenziere and M. Afeworki, J. Am. Chem. Soc., 2002, 124, 

12932–12933. 

90 A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S. Sheff, A. Wierzbicki, J. H. Davis 

and R. D. Rogers, Environ. Sci. Technol., 2002, 36, 2523–2529. 

91 M. J. Earle, P. B. McCormac and K. R. Seddon, Green Chem., 1999, 1, 23–25. 

92 J. Ding, T. Welton and D. W. Armstrong, Anal. Chem., 2004, 76, 6819–6822. 

93 B. Ni, Q. Zhang and A. D. Headley, Green Chem., 2007, 9, 737–739. 

94 S. Luo, X. Mi, L. Zhang, S. Liu, H. Xu and J. Cheng, Angew. Chemie - Int. Ed., 2006, 118, 3165–

3169. 



81 
 

95 J. Ding and D. W. Armstrong, Chirality, 2005, 17, 281–292. 

96 C. Chiappe and D. Pieraccini, J. Phys. Org. Chem., 2005, 18, 275–297. 

97 P. Wasserscheid and C. Hilgers, Eur. Pat. Off. EP1182196A1, 2002, 1–20. 

98 S. Forsyth, J. Golding, D. R. MacFarlane and M. Forsyth, Electrochim. Acta, 2001, 46, 1753–

1757. 

99 P. Meakin, M. Forsyth, N. Amini, D. R. MacFarlane and J. Sun, J. Phys. Chem. B, 1999, 103, 

4164–4170. 

100 J. L. Goldman and A. B. McEwen, Electrochem. Solid-State Lett., 1999, 2, 501–503. 

101 A. S. L. Gouveia, C. E. S. Bernardes, L. C. Tomé, E. I. Lozinskaya, Y. S. Vygodskii, A. S. Shaplov, 

J. N. C. Lopes and I. M. Marrucho, Phys. Chem. Chem. Phys., 2017, 19, 29617–29624. 

102 W. Linert, A. Camard, M. Armand and C. Michot, Coord. Chem. Rev., 2002, 226, 137–141. 

103 R. P. Swatloski, G. A. Broker, W. R. Pitner, R. D. Rogers, J. D. Holbrey, K. R. Seddon and W. M. 

Reichert, Green Chem., 2002, 4, 407–413. 

104 L. Brinchi, R. Germani and G. Savelli, Tetrahedron Lett., 2003, 44, 2027–2029. 

105 J. Golding, S. Forsyth, D. R. MacFarlane, M. Forsythb and G. B. Deacon, Green Chem., 2002, 

4, 223–229. 

106 T. Kitazume and G. Tanaka, J. Fluor. Chem., 2000, 106, 211–215. 

107 J. M. Lévêque, J. L. Luche, C. Pétrier, R. Roux and W. Bonrath, Green Chem., 2002, 4, 357–

360. 

108 W. Xu, L.-M. Wang, R. A. Nieman and C. A. Angell, J. Phys. Chem. B, 2003, 107, 11749–

11756. 

109 J. F. Brennecke and E. J. Maginn, AIChE J., 2001, 47, 2384–2389. 

110 N. El Mehdi, P. Lucas, L. Breau, D. Bélanger and H. A. Ho, Synthesis (Stuttg)., 2002, 2000, 

1253–1258. 

111 T. Welton, Chem. Rev., 1999, 99, 2071–2084. 

112 T. Welton and P. Wasserscheid, Ionic Liquids in Synthesis, 2002, vol. 7. 

113 H. Waffenschmidt, RWTH Aachen, 2000. 

114 N. KARODIA, S. GUISE, C. NEWLANDS and J.-A. ANDERSEN, ChemInform, 2010, 30, no-no. 

115 R. S. Varma and V. V. Namboodiri, Chem. Commun., 2001, 643–644. 

116 H. A. Øye, M. Jagtoyen, T. Oksefjell and J. S. Wilkes, Mater. Sci. Forum, , 

DOI:10.4028/www.scientific.net/msf.73-75.183. 

117 Y. Chauvin, S. Einloft and H. Olivier, Ind. Eng. Chem. Res., 1995, 34, 1149–1155. 



82 
 

118 S. D. Williams, J. P. Schoebrechts, J. C. Selkirk and G. Mamantov, J. Am. Chem. Soc., 1987, 

109, 2218–2219. 

119 Y. Chauvin and H. Olivier-Bourbigou, Chemtech. 

120 G. W. Parshall, J. Am. Chem. Soc., 1972, 94, 8716–8719. 

121 L. Cammarata, S. G. Kazarian, P. A. Salter and T. Welton, Phys. Chem. Chem. Phys., 2001, 3, 

5192–5200. 

122 F. . G. Helfferich, Ion Exchange, 1962. 

123 J. L. Ferguson, J. D. Holbrey, S. Ng, N. V. Plechkova, K. R. Seddon, A. A. Tomaszowska and D. 

F. Wassell, Pure Appl. Chem., 2011, 84, 723–744. 

124 J. I. Cohen, S. I. Lall, R. Engel, D. Mancheno, S. Castro and V. Behaj, Chem. Commun., 2000, 

20, 2413–2414. 

125 K. Mizuta, T. Kasahara, H. Hashimoto, Y. Arimoto and (2006) PCT/JP2006/322693, World 

Intellect. Prop. Organ. Int. Bur., 2007, 96. 

126 A. Taubert and Z. Li, J. Chem. Soc. Dalt. Trans., 2006, 723–727. 

127 A. Taubert, Acta Chim. Slov., 2005, 52, 183–186. 

128 M. Antonietti, D. Kuang, B. Smarsly and Y. Zhou, Angew. Chemie - Int. Ed., 2004, 43, 4988–

4992. 

129 A. V. Mudring, A. Babai, S. Arenz and R. Giernoth, Angew. Chemie - Int. Ed., 2005, 44, 5485–

5488. 

130 A. Taubert, Angew. Chemie - Int. Ed., 2004, 43, 5380–5382. 

131 P. S. Wheatley, P. B. Webb, P. Wormald, R. E. Morris, E. R. Cooper and C. D. Andrews, 

Nature, 2004, 430, 1012–1016. 

132 K. Binnemans, Chem. Rev., 2007, 107, 2592–2614. 

133 K. Binnemans, Handb. Phys. Chem. Rare Earths, 2005, 35, 107–272. 

134 P. Nockemann, B. Thijs, S. Pittois, J. Thoen, C. Glorieux, K. Van Hecke, L. Van Meervelt, B. 

Kirchner and K. Binnemans, J. Phys. Chem. B, 2006, 110, 20978–20992. 

135 K. Binnemans, L. Van Meervelt, P. Nockemann, B. Thijs, N. Postelmans and K. Van Hecke, J. 

Am. Chem. Soc., 2006, 128, 13658–13659. 

136 Y. Yoshida, J. Fujii, G. Saito, T. Hiramatsu and N. Sato, J. Mater. Chem., 2006, 16, 724–727. 

137 R. Giernoth, S. Arenz, A.-V. Mudring, K. Binnemans, K. Driesen, P. Nockemann and A. Babai, 

J. Alloys Compd., 2006, 418, 204–208. 

138 K. Fujie and H. Kitagawa, Coord. Chem. Rev., 2016, 307, 382–390. 



83 
 

139 M. J. Earle, U. Hakala, C. Hardacre, J. Karkkainen, B. J. McAuley, D. W. Rooney, K. R. Seddon, 

J. M. Thompson and K. Wähälä, Chem. Commun., 2005, 903–905. 

140 I. V. Kozhevnikov, A. Steiner, M. Hasan, N. Winterton and M. R. H. Siddiqui, Inorg. Chem., 

2002, 38, 5637–5641. 

141 B. Lv, G. Jing, Y. Qian and Z. Zhou, Chem. Eng. J., 2016, 289, 212–218. 

142 Y. Qian, G. Jing, B. Lv and Z. Zhou, Energy and Fuels, 2017, 31, 4202–4210. 

143 X. Zhang, F. Huo, X. Liu, K. Dong, H. He, X. Yao and S. Zhang, Ind. Eng. Chem. Res., 2015, 54, 

3505–3514. 

144 V. V. Chaban and E. E. Fileti, J. Phys. Chem. B, 2015, 119, 3824–3828. 

145 R. Vijayaraghavan, M. Surianarayanan and D. R. MacFarlane, Angew. Chemie - Int. Ed., 2004, 

43, 5363–5366. 

146 Y. L. Zhao, C. F. Chen and F. Xi, J. Polym. Sci. Part A Polym. Chem., 2003, 41, 2156–2165. 

147 A. J. Carmichael, D. M. Haddleton, S. A. F. Bon and K. R. Seddon, Chem. Commun., 2000, 

1237–1238. 

148 T. Biedroń and P. Kubisa, Macromol. Rapid Commun., 2001, 22, 1237–1242. 

149 S. Harrisson, S. R. Mackenzie and D. M. Haddleton, Chem. Commun., 2002, 2850–2851. 

150 S. Harrisson, S. R. Mackenzie and D. M. Haddleton, ACS Div. Polym. Chem., 2002, 43, 883–

884. 

151 R. Vijayaraghavan and D. R. MacFarlane, Chem. Commun., 2005, 1149–1151. 

152 A. J. Holding, Ionic Liquids and Electrolytes for Cellulose Dissolution, 2016. 

153 J.-I. Kadokawa, Green Sustain. Chem., 2013, 03, 19–25. 

154 W. T. Wang, J. Zhu, X. L. Wang, Y. Huang and Y. Z. Wang, J. Macromol. Sci. Part B Phys., 

2010, 49, 528–541. 

155 W. Xiao, Q. Chen, Y. Wu, T. Wu and L. Dai, Carbohydr. Polym., 2011, 83, 233–238. 

156 D. Glas, J. Hulsbosch, P. Dubois, K. Binnemans and D. E. Devos, ChemSusChem, 2014, 7, 610–

617. 

157 N. Winterton, J. Mater. Chem., 2006, 16, 4281–4293. 

158 F. Joubert, R. P. Yeo, G. J. Sharples, O. M. Musa, D. R. W. Hodgson and N. R. Cameron, 

Biomacromolecules, 2015, 16, 3970–3979. 

159 W. Xu, P. A. Ledin, V. V. Shevchenko and V. V. Tsukruk, ACS Appl. Mater. Interfaces, 2015, 7, 

12570–12596. 

160 J. Yuan, H. Schlaad, C. Giordano and M. Antonietti, Eur. Polym. J., 2011, 47, 772–781. 



84 
 

161 K. Vijayakrishna, S. K. Jewrajka, A. Ruiz, R. Marcilla, J. A. Pomposo, D. Mecerreyes, D. Taton 

and Y. Gnanou, Macromolecules, 2008, 41, 6299–6308. 

162 K. Vijayakrishna, D. Mecerreyes, Y. Gnanou and D. Taton, Macromolecules, 2009, 42, 5167–

5174. 

163 Y. Ye, J. H. Choi, K. I. Winey and Y. A. Elabd, Macromolecules, 2012, 45, 7027–7035. 

164 S. Ding, H. Tang, M. Radosz and Y. Shen, J. Polym. Sci. Part A Polym. Chem., 2004, 42, 5794–

5801. 

165 H. Tang, J. Tang, S. Ding, M. Radosz and Y. Shen, J. Polym. Sci. Part A Polym. Chem., 2005, 

43, 1432–1443. 

166 H. He, M. Zhong, B. Adzima, D. Luebke, H. Nulwala and K. Matyjaszewski, J. Am. Chem. Soc., 

2013, 135, 4227–4230. 

167 X. Ma, M. Ashaduzzaman, M. Kunitake, R. Crombez, J. Texter, L. Slater and T. Mourey, 

Langmuir, 2011, 27, 7148–7157. 

168 J. Texter, V. A. Vasantha, R. Crombez, R. Maniglia, L. Slater and T. Mourey, Macromol. Rapid 

Commun., 2012, 33, 69–74. 

169 P. Coupillaud, M. Fèvre, A. L. Wirotius, K. Aissou, G. Fleury, A. Debuigne, C. Detrembleur, D. 

Mecerreyes, J. Vignolle and D. Taton, Macromol. Rapid Commun., 2014, 35, 422–430. 

170 C. Detrembleur, A. Debuigne, M. Hurtgen, C. Jérôme, J. Pinaud, M. Fèvre, P. Coupillaud, J. 

Vignolle and D. Taton, Macromolecules, 2011, 44, 6397–6404. 

171 M. Weiss-Maurin, D. Cordella, C. Jéroˆme, D. Taton and C. Detrembleur, Polym. Chem., 

2016, 7, 2521–2530. 

172 H. He, D. Luebke, H. Nulwala and K. Matyjaszewski, Macromolecules, 2014, 47, 6601–6609. 

173 R. Sood, M. M. Obadia, B. P. Mudraboyina, B. Zhang, A. Serghei, J. Bernard and E. 

Drockenmuller, Polymer (Guildf)., 2014, 55, 3314–3319. 

174 S. Long, F. Wan, W. Yang, H. Guo, X. He, J. Ren and J. Gao, J. Appl. Polym. Sci., 2013, 128, 

2687–2693. 

175 K. Matsumoto, B. Talukdar and T. Endo, Polym. Bull., 2011, 66, 199–210. 

176 D. Cordella, A. Kermagoret, A. Debuigne, C. Jéroîme, D. Mecerreyes, M. Isik, D. Taton and C. 

Detrembleur, Macromolecules, 2015, 48, 5230–5243. 

177 M. M. Obadia, B. P. Mudraboyina, A. Serghei, T. N. T. Phan, D. Gigmes and E. Drockenmuller, 

ACS Macro Lett., 2014, 3, 658–662. 

178 P. Coupillaud, J. Vignolle, D. Mecerreyes and D. Taton, Polymer (Guildf)., 2014, 55, 3404–



85 
 

3414. 

179 A. Pourjavadi, S. H. Hosseini and R. Soleyman, J. Mol. Catal. A Chem., 2012, 365, 55–59. 

180 P. Coupillaud, J. Pinaud, N. Guidolin, J. Vignolle, M. Fèvre, E. Veaudecrenne, D. Mecerreyes 

and D. Taton, J. Polym. Sci. Part A Polym. Chem., 2013, 51, 4530–4540. 

181 J. Großeheilmann, J. Bandomir and U. Kragl, Chem. - A Eur. J., 2015, 21, 18957–18960. 

182 P. Coupillaud, J. Vignolle, D. Taton, R. Lambert and A.-L. Wirotius, Macromol. Rapid 

Commun., 2016, 37, 1143–1149. 

183 W. Bi, M. Tian and K. H. Row, J. Chromatogr. B Anal. Technol. Biomed. Life Sci., 2013, 913–

914, 61–68. 

184 J. Illescas, M. Casu, V. Alzari, D. Nuvoli, M. A. Scorciapino, R. Sanna, V. Sanna and A. Mariani, 

J. Polym. Sci. Part A Polym. Chem., 2014, 52, 3521–3532. 

185 M. M. Obadia, S. Fagour, Y. S. Vygodskii, F. Vidal, A. Serghei, A. S. Shaplov and E. 

Drockenmuller, J. Polym. Sci. Part A Polym. Chem., 2016, 54, 2191–2199. 

186 T. C. Rhoades, J. C. Wistrom, R. Daniel Johnson and K. M. Miller, Polymer (Guildf)., 2016, 

100, 1–9. 

187 M. Yoshizawa, W. Xu and C. A. Angell, J. Am. Chem. Soc., 2003, 125, 15411–15419. 

188 H. Ohno and M. Yoshizawa, Solid State Ionics, 2002, 154–155, 303–309. 

189 T. L. Greaves and C. J. Drummond, Chem. Rev., 2008, 108, 206–237. 

190 B. Nuthakki, T. L. Greaves, I. Krodkiewska, A. Weerawardena, M. I. Burgar, R. J. Mulder and 

C. J. Drummond, Aust. J. Chem., , DOI:10.1071/CH06363. 

191 D. R. MacFarlane, J. M. Pringle, K. M. Johansson, S. A. Forsyth and M. Forsyth, Chem. 

Commun., 2006, 1905–1917. 

192 K. M. Johansson, E. I. Izgorodina, M. Forsyth, D. R. MacFarlane and K. R. Seddon, Phys. 

Chem. Chem. Phys., 2008, 10, 2972–2978. 

193 R. Banerjee, P. M. Bhatt, N. V. Ravindra and G. R. Desiraju, Cryst. Growth Des., 2005, 5, 

2299–2309. 

194 J. Stoimenovski, E. I. Izgorodina and D. R. MacFarlane, Phys. Chem. Chem. Phys., 2010, 12, 

10341–10347. 

195 E. Janus, I. Goc-Maciejewska, M. Łozyński and J. Pernak, Tetrahedron Lett., 2006, 47, 4079–

4083. 

196 A. C. D. Freitas, L. P. Cunico, M. Aznar and R. Guirardello, Brazilian J. Chem. Eng., 2013, 30, 

63–73. 



86 
 

197 W. Ren, B. Sensenich and A. M. Scurto, J. Chem. Thermodyn., 2010, 42, 305–311. 

198 A. Shariati, K. Gutkowski and C. J. Peters, AIChE J., 2005, 51, 1532–1540. 

199 T. J. Uygur, University of Regina, 2013. 

200 R. D. Camper, Dean; Bara,Jason E.; Gin, Douglas L.; Noble, Ind. Eng. Chem. Res., 2008, 47, 

8496–8498. 

201 J. E. Bara, T. K. Carlisle, C. J. Gabriel, D. Camper, A. Finotello, D. L. Gin and R. D. Noble, Ind. 

Eng. Chem. Res., 2009, 48, 2739–2751. 

202 M. Aghaie, N. Rezaei and S. Zendehboudi, Renew. Sustain. Energy Rev., 2018, 96, 502–525. 

203 M. G. Cowan, D. L. Gin and R. D. Noble, Acc. Chem. Res., 2016, 49, 724–732. 

204 J. Tang, W. Sun, H. Tang, M. Radosz and Y. Shen, Macromolecules, 2005, 38, 2037–2039. 

205 S. Supasitmongkol and P. Styring, Energy Environ. Sci., 2010, 3, 1961–1972. 

206 M. Hasib-ur-Rahman, M. Siaj and F. Larachi, Chem. Eng. Process. Process Intensif., 2010, 49, 

313–322. 

207 J. Tang, H. Tang, W. Sun, M. Radosz and Y. Shen, Polymer (Guildf)., 2005, 46, 12460–12467. 

208 J. Tang, H. Tang, W. Sun, M. Radosz and Y. Shen, J. Polym. Sci. Part A Polym. Chem., 2005, 

43, 5477–5489. 

209 J. E. Bara, C. J. Gabriel, E. S. Hatakeyama, T. K. Carlisle, S. Lessmann, R. D. Noble and D. L. 

Gin, J. Memb. Sci., 2008, 321, 3–7. 

210 J. E. Bara, D. L. Gin and R. D. Noble, 2008, 9919–9924. 

211 Y. Li, G. Li, X. Wang, Z. Zhu, H. Ma, T. Zhang and J. Jin, Chem. Commun., 2012, 48, 8222–

8224. 

212 W. Fang, Z. Luo and J. Jiang, Phys. Chem. Chem. Phys., 2013, 15, 651–658. 

213 P. G. Jessop, David J. G, X. Li, C. A. Eckert and C. L. Liotta, Nature, 2005, 436, 93053. 

214 D. J. Heldebrant, C. R. Yonker, P. G. Jessop and L. Phan, Energy Environ. Sci., 2008, 1, 487–

493. 

215 P. Damlin, P. Virtanen, J.-P. Mikkola, R. Sjöholm, I. Anugwom and P. Mäki-Arvela, RSC Adv., 

2011, 1, 452. 

216 I. Anugwom, P. Mäki-Arvela, P. Virtanen, S. Willför, P. Damlin, M. Hedenström and J. P. 

Mikkola, Holzforschung, 2012, 66, 809–815. 

217 B. Wang, L. Qin, T. Mu, Z. Xue and G. Gao, Chem. Rev., 2017, 117, 7113–7131. 

218 N. MacDowell, N. Florin, A. Buchard, J. Hallett, A. Galindo, G. Jackson, C. S. Adjiman, C. K. 

Williams, N. Shah and P. Fennell, Energy Environ. Sci., 2010, 3, 1645–1669. 



87 
 

219 H. Passos, A. Luís, J. A. P. Coutinho and M. G. Freire, Sci. Rep., 2016, 6, 1–7. 

220 A. M. Ferreira, A. F. M. Cláudio, M. Válega, F. M. J. Domingues, A. J. D. Silvestre, R. D. 

Rogers, J. A. P. Coutinho and M. G. Freire, Green Chem., 2017, 19, 2768–2773. 

221 G. B. Damas, A. B. A. Dias and L. T. Costa, J. Phys. Chem. B, 2014, 118, 9046–9064. 

222 P. G. Jessop, L. Kozycz, Z. G. Rahami, D. Schoenmakers, A. R. Boyd, D. Wechsler and A. M. 

Holland, Green Chem., 2011, 13, 619–623. 

223 L. Phan, J. R. Andreatta, L. K. Horvey, C. F. Edie, A. L. Luco, A. Mirchandani, D. J. Darensbourg 

and P. G. Jessop, J. Org. Chem., 2008, 73, 127–132. 

224 S. M. Mercer, T. Robert, D. V. Dixon and P. G. Jessop, Catal. Sci. Technol., 2012, 2, 1315–

1318. 

225 S. M. Mercer, T. Robert, D. V. Dixon, C. S. Chen, Z. Ghoshouni, J. R. Harjani, S. Jahangiri, G. H. 

Peslherbe and P. G. Jessop, Green Chem., 2012, 14, 832–839. 

226 S. M. Mercer and P. G. Jessop, ChemSusChem, 2010, 3, 467–470. 

227 X. Su, M. F. Cunningham and P. G. Jessop, Chem. Commun., 2013, 49, 2655–2657. 

228 E. Privalova, M. Nurmi, M. S. Marañón, E. V. Murzina, P. Mäki-Arvela, K. Eränen, D. Y. 

Murzin and J. P. Mikkola, Sep. Purif. Technol., 2012, 97, 42–50. 

229 T. Yu, T. Yamada, G. C. Gaviola and R. G. Weiss, Chem. Mater., 2008, 20, 5337–5344. 

230 P. Singh, J. P. M. Niederer and G. F. Versteeg, Int. J. Greenh. gas Control 1, 2007, 1, 5–10. 

231 C. Wang, H. Luo, X. Luo, H. Li and S. Dai, Green Chem., 2010, 12, 2019–2023. 

232 L. Phan, D. Chiu, D. J. Heldebrant, H. Huttenhower, E. John, X. Li, P. Pollet, R. Wang, C. A. 

Eckert, C. L. Liotta and P. G. Jessop, Ind. Eng. Chem. Res., 2008, 47, 539–545. 

233 T. Yamada, P. J. Lukac, M. George and R. G. Weiss, Chem. Mater., 2007, 19, 967–969. 

234 T. Yamada, P. J. Lukac, T. Yu and R. G. Weiss, Chem. Mater., 2007, 19, 4761–4768. 

235 D. J. Heldebrant, P. K. Koech, M. T. C. Ang, C. Liang, J. E. Rainbolt, C. R. Yonker and P. G. 

Jessop, Green Chem., 2010, 12, 713–721. 

236 C. Wang, H. Luo, D. E. Jiang, H. Li and S. Dai, Angew. Chemie - Int. Ed., 2010, 49, 5978–5981. 

237 I. Anugwom, P. Mäki-Arvela, P. Virtanen, S. Willför, R. Sjöholm and J. P. Mikkola, Carbohydr. 

Polym., 2012, 87, 2005–2011. 

238 P. Mäki-Arvela, M. Hummel, I. Anugwom, J.-P. Mikkola, V. Eta, M. Hedenström, P. Virtanen 

and H. Sixta, ChemSusChem, 2014, 7, 1170–1176. 

239 A. M. Fernandes, M. A. A. Rocha, M. G. Freire, I. M. Marrucho, J. A. P. Coutinho and L. M. N. 

B. F. Santos, J. Phys. Chem. B, 2011, 115, 4033–4041. 



88 
 

240 K. M. Gupta and J. Jiang, J. Phys. Chem. C, 2014, 118, 3110–3118. 

241 Z. Liu, P. Hu, X. Meng, R. Zhang, H. Yue, C. Xu and Y. Hu, Chem. Eng. Sci., 2014, 108, 176–

182. 

242 S. J. Berthel, R. F. Kester, D. E. Murphy, T. J. Prins, F. Ruebsam, C. V Tran and D. Vourloumis, 

US Pat. US 2008146625A1, 2008, 25. 

243 S. E. Sen and S. L. Roach, Synthesis (Stuttg)., 1995, 24, 756–758. 

244 A. Pettman, 25th SCI Process Dev., 2007, 12–14. 

245 Z. J. Dijkstra, A. R. Doornbos, H. Weyten, J. M. Ernsting, C. J. Elsevier and J. T. F. Keurentjes, 

J. Supercrit. Fluids, 2007, 41, 109–114. 

246 Q. Zhang, H. Y. Yuan, N. Fukaya, H. Yasuda and J. C. Choi, Green Chem., 2017, 19, 5614–

5624. 

247 T. Flessner and S. Doye, ChemInform, 1999, 341, 186–190. 

248 I. Tommasi and F. Sorrentino, Tetrahedron Lett., 2006, 47, 6453–6456. 

249 R. N. Salvatore, Seung Il Shin, A. S. Nagle and Kyung Woon Jung, J. Org. Chem., 2001, 66, 

1035–1037. 

250 T. Ishikawa, Superbases for Organic Synthesis: Guanidines, Amidines, Phosphazenes and 

Related Organocatalysts, 2009. 

251 T. Hase, Tables for Organic Spectrometry, Espoo: Otatieto Oy, 1994. 

252 C. Liu, U. Nishshanka and A. B. Attygalle, J. Am. Soc. Mass Spectrom., 2016, 27, 927–939. 

253 Z. Z. Yang, L. N. He, J. Gao, A. H. Liu and B. Yu, Energy Environ. Sci., 2012, 5, 6602–6639. 

  

 

 

  



89 
 

Supporting materials Experimental part 1 

 

 

Figure 66 Butylamine with DBU in equimolar amounts (9mmol) after application of CO2 atmosphere. 

 

Figure 67 Hexylamine with DBU in equimolar amounts (9mmol) after application of CO2 atmosphere 
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Figure 68 Octylamine with DBU in equimolar amounts (9mmol) after application of CO2 atmosphere 
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NMR spectra 

HHA and DBU spectra 

 

Figure 69 1H NMR of DBU and HHA before addition of CO2 
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Figure 70 1H NMR of DBU and HHA after addition of CO2 
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Figure 71 13C NMR of DBU and HHA before CO2 atmosphere was applied 
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Figure 72 13C NMR of DBU and HHA after CO2 atmosphere was applied 
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HHA and hexylamine 

 

Figure 73  13C NMR of hexylamine and HHA before CO2 atmosphere was applied. 
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Figure 74  13C NMR of hexylamine and HHA after CO2 atmosphere was applied. 
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HHA and DIPA spectra 

 

Figure 75 HHA + DIPA + CHCl3 + deuterated DMSO 13C comparison.  Before CO2 is on the top and after CO2 is 
below. 
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Figure 76 HHA + DIPA + CHCl3 + deuterated DMSO 1H comparison. Before CO2 is on the top and after CO2 is 
below. 
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HHA and Hünigs base spectra 

 

Figure 77 HHA + Hünigs base + CHCl3 + deuterated DMSO 1H comparison.  Before CO2 is on the top and after 
CO2 is below. 
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Figure 78 HHA + Hünigs base +CHCl3+ deuterated DMSO 13C comparison. Before CO2 is on the top and after 
CO2 is below. 
 
 

HHA and TEA 

The scales for the proton NMR are uncomparable, stopping them from being usefully stacked for 

comparison.  Hence they appear individually. 
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Figure 79 HHA + TEA + CHCl3 + deuterated DMSO 1H NMR before CO2 
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Figure 80 HHA + TEA + CHCl3 + deuterated DMSO 1H NMR after CO2 
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Figure 81 HHA + TEA + CHCl3 + deuterated DMSO 13C comparison. Before CO2 is on the top and after CO2 is 
below 
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Supporting materials Experimental part 2 

Aniline derivative series 

Aniline with Cs2CO3 in DMSO 

 

Figure 82 aniline with Cs2CO3 in DMSO.  The amide peak is at 1641 cm-1.  The peak at 1604 cm-1 is from the 
aniline, hence being present from the start. 
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Figure 83 Spectra of aniline with Cs2CO3 in DMSO in the amide region, including references. 
 

P-nitroaniline with Cs2CO3 in DMSO 

  

 

Figure 84 p-nitroaniline with Cs2CO3 in DMSO.  The amide peak is at 1659 cm-1.  The peak at 1600cm-1 is 
from the amine, hence being present from the start. 
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Figure 85 Spectra of p-nitroaniline with Cs2CO3 in DMSO in the amide region, including references. 

 

Aniline with TMG in DMSO 

 

 

Figure 86 aniline with TMG in DMSO.  The amide peak is at 1637 cm-1.  The peak at 1600 cm-1 is from the 
aniline, hence being present from the start. 
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Figure 87 Spectra of aniline with TMG in DMSO in the amide region, including references. 

 

P-nitroaniline with TMG in DMSO 

 

Figure 88 p-nitroaniline with TMG in DMSO.  The amide peak is at 1659 cm-1.  The peak at 1596cm-1 is from 
the TMG, hence being present from the start. 
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Figure 89 Spectra of p-nitroaniline with TMG in DMSO in the amide region, including references. 

 

 

 

 

 

 

 

 

 


