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Abstract 

With the concentration of atmospheric carbon dioxide (CO2) continuing to rise and 

affect the climate it is imperative that measures be taken to avoid the direst 

consequences of global warming. CO2 capture technologies provide a unique 

opportunity to do so, being able to affect CO2 production and concentration in the 

atmosphere through flue gas and direct air capture. Hyper crosslinked polystyrene 

(HCP) is one such technology, with many qualities suited to CO2 capture 

applications such as high CO2 uptake, simple synthesis and good recyclability. In my 

earlier work HCP was combined with 100 wt % amines such as monoethanolamine 

(MEA) and diethanolamine (DEA) to achieve CO2 uptakes of 23.89 and 12.03 % 

respectively, outperforming both previously reported HCP uptakes and 30 wt % 

aqueous amine solutions of DEA or MEA, the current industry standards for flue gas 

capture. Unfortunately, these systems were not recyclable, a quality which is key for 

effective CO2 capture. As such this thesis looked to improve upon these HCP 

systems by: 1) optimisation of the crosslinking of the HCP, 2) changing of the 

sorbent liquid swollen into the HCP, and 3) functionalisation of the HCP by 

Reversible Addition−Fragmentation Chain-Transfer (RAFT) induced block 

copolymerisation, thus allowing for CO2 capturing crosslinks to be implemented and 

CO2 capturing nanogels to be formed. Herein this thesis reports the determination of 

a suitable solvent, cyclohexane, for low stoichiometric crosslinker ratio synthesis of 

HCP wherein the solvent does not participate in nor impede the Friedel-Crafts 

alkylation reaction required for HCP synthesis unlike similar syntheses found in the 

literature wherein the solvent, such as dichloromethane or dichloroethane, is also the 

crosslinker, as well as the synthesis and characterisation by IR spectroscopy of 

several HCPs from waste expanded polystyrene (WEPS) using various crosslinkers 

(dichloromethane, chloroform, dichloroethane, dichlorobutane, 1,3-dichloro-2-

(chloromethyl)-2-methylpropane and dichlorohexane) at various crosslinker ratios of 

1:0.5, 1:1 and 1:2 relative to the WEPS. These HCPs were then swollen with DEA at 

a 1:0.5 HCP to DEA mass ratio to achieve CO2 uptakes of up to 4.63 wt %, 

achieving 90% of this uptake in as little time as 1800 s. Additionally, a higher 

crosslinked HCP was combined with amine blends of MEA/TEA, MEA/MDEA, 

DEA/TEA and DEA/MDEA at a 1:2 HCP to blend ratio, as done in the earlier work, 

in the hopes that the presence of the tertiary amines in the blends could increase 

recyclability while the primary/secondary amines would increase uptake. The highest 
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achieved CO2 uptake of the blends was 6.52 wt % for the MEA/MDEA system, 

achieving 90% of this uptake in 600 s, outperforming the HCP/MDEA system from 

the earlier work. However, all blend systems were still unrecyclable. An alternative 

mechanism for crosslinking using difunctional alcohols was also investigated, 

wherein ethylene glycol was used as the crosslinker, which was ultimately 

unsuccessful. The synthesis of an amino acid ionic liquid comprised of betaine ([Bet]) 

and taurine ([Tau]) [Bet][Tau] that is theoretically capable of CO2 capture was 

attempted, but ultimately unsuccessful. We believe that the synthesis provided in the 

literature for this ionic liquid is not valid, and thus provide evidence to support this. 

Finally, the synthesis and characterisation of various polystyrene macro chain 

transfer agents (PS-mCTAs) via RAFT polymerisation, and the successful synthesis 

and characterisation of the monomer 2-vinyl-4,4-dimethyl azlactone (VDMA) via a 

simplified method with an overall yield of 29.4% are also reported.  
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1 – Introduction and Literature Review 

1.1 – General Overviews 

The international panel for climate control recently published a report specifying 

many immediate and drastic changes that must be undertaken to combat the 

worsening effects of global warming.1, 2 Alongside sweeping changes from fossil 

fuels to renewable energies, the report also recommended that carbon capture, 

specifically carbon dioxide (CO2) and methane, and storage technologies also be 

implemented at large scales.1, 2 Though it is important to research and implement 

both carbon capture and storage technologies,1, 2 for the purposes of this thesis only 

CO2 capture will be discussed.  

 

Figure 1 – Graph of rise in concentration of atmospheric CO2 over time and the 

average temperature difference compared to the 20th century over time. Reproduced 

and publicly available from climate.gov.126 

Currently there are two predominant forms of CO2 capture, flue gas3-9 and direct air 

capture (DAC).10-13 For direct air capture, there is no current, widely implemented 

industry standard technology.10-13 The industry standard for flue gas capture is 30 wt % 

aqueous amine (usually monoethanolamine (MEA) or diethanolamine (DEA)) 

columns,3-9 through which the flue gas is bubbled allowing CO2 capture to occur via 

a chemical reaction with the amine solution (Figure 2).3-9 The CO2 saturated amine is 

then transferred to another column which can be heated to release the CO2 in a 

concentrated stream, regenerating the amine solution (Figure 2).3-9  
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Figure 2 - Depiction of amine scrubbing process in which a 30 wt % aq. amine 

reacts with CO2 in the absorption column, and is regenerated by release of the CO2 

in the desorption column. Blue = CO2 absorbed sorbent, red = CO2 desorbed 

sorbent, green = other gasses, pink = pure CO2. 

Unfortunately, there are several drawbacks to these columns, including relatively 

low absorption capacity and mediocre recyclability with high desorption 

temperatures leading to amine degradation, water loss and corrosion of the column 

over time.3-13 Furthermore, these columns cannot be used for direct air capture, as the 

ultra-low concentration of CO2 in air requires high flow rates of air through the 

material, which must in turn be more reactive with CO2 than 30 wt % amines to 

compensate.10-13 An ideal CO2 capturing could be used for both flue gas and direct 

air capture. Such a material would therefore have to possess the following qualities: 

high absorption capacity and reactivity with CO2, rapid CO2 uptake, high gas 

permeability, high gas to sorbent contact area, high recyclability, low desorption 

temperatures, high stability and no corrosive properties.10-13 

Though most papers focus exclusively on flue gas, pure CO2 or direct air capture, 

recent publications have increasingly featured materials useable for all 3 applications. 

Such materials fall under 3 broad categories, the general advantages and 

disadvantages, of which will be discussed below along with some specific examples 

relating directly to this thesis and the results generated from the earlier work.14 These 
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categories are: liquid sorbents, solid sorbents and swollen sorbents (wherein a liquid 

sorbent is swollen into a solid material which may also be itself a sorbent). The 

disadvantages/advantages of other sorbents will be mentioned for comparison, but 

detailed analyses of their syntheses and sorption mechanisms will not be given. 

When discussing CO2 uptake capabilities, the amount of CO2 a material can absorb 

will be presented as a weight percentage of the material. Thus, for example, if 1 g of 

material absorbs 0.1 g of CO2, the CO2 uptake of that material is 10 wt %. 

1.2 – Liquid Sorbents 

1.2.1 – Amines and Amine Blends 

As mentioned above the current industry standard for flue gas CO2 capture is a 

process called amine scrubbing, harnessing a chemical reaction between primary or 

secondary amines to capture CO2 (Figure 3).3-9 In this reaction (Equations 1-3) the 

amine reacts directly with CO2 to form a zwitterion (Equation 1),15-17 then transfers a 

proton to an unreacted amine forming a carbamate salt (Equation 2),15-17 finally, the 

carbamate reacts with water to form a bicarbonate, regenerating the amine (Equation 

3).15-17 Tertiary amines react differently, catalysing the direct formation of 

bicarbonates (Equation 4).15-17 

 

Figure 3 – Aqueous amine reaction mechanisms for reactions of CO2 and generic 

primary/secondary amines (Equations 1-3) or tertiary amines (Equation 4). 
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Generally, highly reactive primary amines, such as MEA, have rapid, high 

absorption capacities but similarly high volatility and degradation, and therefore 

lesser recyclability.15-17 Tertiary amines, such as methyldiethanolamine (MDEA) or 

triethanolamine (TEA) however show lower reactivity, and therefore slower, reduced 

absorption capacities but increased stability and greater recyclability.15-17 Secondary 

amines are somewhat of a compromise between the two, showing middling 

absorption capacities, absorption rates and recyclability.15-17 Ultimately though, as 

discussed in section 1.1.1, aqueous amine solutions are undesirable for DAC 

purposes and are mediocre for flue gas capture purposes due to their high corrosivity, 

mediocre uptakes and recyclability issues.10-13 

In 2017 El Hadri and co-workers found that under 15 % CO2 streams, 30 wt % 

solutions of monoethanolamine (MEA), diethanolamine (DEA), N-

methyldiethanolamine (MDEA) and triethanolamine (TEA) achieved CO2 uptake 

capacities of 12.5, 6.6, 5.7 and 3.5 wt % (Figure 4).18 These values will be used later 

in this thesis as benchmark comparisons for other materials, as they are conducted in 

conditions closest to real world flue gas capture conditions, along with the earlier 

work’s results which will be discussed below.14, 18 It should be noted however, that 

these values are likely less than would be expected of a 100 % CO2 stream (as used 

in this thesis and the earlier work), simply due to the reduced amount of CO2 present 

to react with the amines.12, 18 This is conferred by Kim and co-workers’ study in 

2013 that found under 40 % CO2 streams, 30 wt % aqueous MEA, DEA and TEA 

could achieve uptakes of 12.2, 8.6 and 4.3 wt %, albeit at a lower temperature than 

Hadri and co-workers’ results.19 
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Figure 4 - CO2 absorption (%) comparison of various 30 wt % aq. amines under 15 % 

CO2 stream as found by El Hadri and co-workers.18 

In an effort to improve upon the aqueous amines, amine blends have been proposed 

as a viable alternative.20-25 Amine blends are simply a mixture of a primary or 

secondary amine with a tertiary amine in an aqueous solution. The goal of amine 

blends is to allow the rapid, high CO2 uptake capacities of the primary/secondary 

amines to compensate for the slower, reduced CO2 uptake capacities of the tertiary 

amines, while the higher stability of the tertiary amines compensates for the high 

volatility of the primary/secondary amine, increasing overall recyclability.20-25 

As a result of being mixtures of primary/secondary and tertiary amines, amine blends 

have a slightly different absorption reaction mechanism (Figure 5).23-25 In this 

mechanism the primary/secondary amine reacts directly with CO2 to form a 

carbamate (Equation 5) which then goes on to transfer a proton to the tertiary amine 

(Equation 6) before reacting with water, forming a carbonate and regenerating the 

primary/secondary amine (Equation 7).23-25 It should be noted that this is the 

dominant mechanism, but other mechanisms including the dissolution of CO2 into 

water and the reaction between tertiary amines and CO2 also occur at the same time, 

albeit much slower (Equations 8 and 9).23-25 
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Figure 5 - Amine blends CO2 absorption mechanism as found in various literature 

sources. 

Many amine blends have been investigated in the literature,20-25 so for the purposes 

of this thesis only blends of MEA, DEA, MDEA and TEA will be focussed on 

here.20-22 It should however be noted that the majority of literature sources on this 

topic focus on the kinetics of absorption rather than absorption uptake.20-25 Perhaps 

because of this focus on kinetics, there are no literature sources where absorption is 

conducted at ambient conditions.20-25 Furthermore, studies including the recyclability 

of these systems are also rare.20-25 Thus, a true representation and comparison of 

amine blends capabilities is difficult. Generally speaking, though, since amine blends 

are still comprised of amines, the same drawbacks apply to amine blends as they do 

to aqueous amine solutions, but to a lesser degree.20-25 

In 2002 Zhang and co-workers found that a 3/32 wt % DEA/MDEA aqueous blend 

could achieve CO2 uptakes of 5.69 wt %.22 However, this was done under 4.9 MPa 

(~48 atm) with a 100% CO2 stream, which would have drastically increased CO2 

uptakes compared to ambient conditions and lower CO2 concentrations.12, 22 In Li 

and co-workers 2001/2002 works, 3/12 wt % MEA/MDEA and 2.5/7.5 wt % 

MEA/TEA amine blends achieved CO2 uptakes of 0.79 and 0.42 wt % 

respectively.20, 21 In this case the lower total wt % solutions and decreased pressure 

of CO2 (0.3 atm for these works) would have led to drastically decreased CO2 

uptakes compared to Zhang and co-workers DEA/MDEA blend, and compared to 

experiments conducted at ambient conditions.12, 20, 21 Interestingly, it appears that 

DEA/TEA has not been investigated in the literature, presumably because DEA is a 

less reactive amine than MEA, and TEA is a less reactive amine than MDEA (due to 

sterics),12 thus the combination is undesirable for study. 
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Figure 6 - CO2 absorption (%) comparison of various amine blends.20-22 

1.2.2 - Ionic Liquids 

Ionic liquids have recently been the focus in many applicative fields of chemistry.26-

32 For CO2 capture, their relatively easy synthesis, combined with high stability and 

potential for high CO2 uptake makes them an attractive option.26-32 Interestingly 

ionic liquids can absorb CO2 via both chemical and physical means, whether by 

reaction between the ionic liquid and CO2 or by dissolution of CO2 into the ionic 

liquid.26-32 Furthermore, by altering the ions comprising the liquid, ionic liquids can 

be tuned to produce differing absorption mechanisms, leading to variable CO2 

absorption uptake capacity, kinetics and recyclability.26-32 Because of the high 

variability in mechanisms, only the CO2 uptake capabilities of six ionic liquids 

(Figure 7) will be discussed here.27, 28, 30, 31 
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Figure 7 - The ionic liquids discussed in this section: [bmim][Tf2N],27 

[bmim][BF4],28 [bmim][PF6],30 [C2-mim][EtSO4] ([emim][EtSO4]),28 

 [C2-mim][Tf2N]31 and [C8-mim][Tf2N]31 from multiple studies.  

In their work Aki and co-workers found that the imidazolium based ionic liquid 1-

butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [bmim][Tf2N] 

displayed uptakes of 13.26 wt %, though this was achieved under 120 atm of 

pressure.27 Using the 1-butyl-3-methylimidazolium [bmim] cation with other anions 

such as tetrafluoroborate [BF4] and hexafluorophosphate [PF6], it was found by 

Shiflett et al. and Blanchard et al. that [bmim][BF4] and [bmim][PF6] could achieve 

uptakes of 7.09 and 11.29 wt %, at 20 and 92 atm, respectively.28, 30 Blanchard and 

co-workers also demonstrated that 1-ethyl-3-methylimidazolium ethyl sulfate 

[emim][EtSO4] could achieve uptakes of 10.8 wt % at 92 atm,28 and finally Shin and 

co-workers demonstrated that 1-alkyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ionic liquids [C2-mim][Tf2N] and [C8-mim][Tf2N] 

(where Cn refers to the length of the alkyl group) could achieve uptakes of 8.55 and 

7.82 wt % at 43 atm, respectively.31 It should be noted that all of these ionic liquids 

displayed their respective CO2 uptakes under high pressure environments, and thus 

display higher CO2 uptakes than they would at ambient/low pressure.27, 28, 30, 31 This 

makes direct comparisons difficult but still serves to demonstrate the possible CO2 

uptakes achievable by ionic liquids, and can furthermore serve to highlight how 

impressive sorbents that can achieve higher uptakes at ambient/low pressures are.27, 

28, 30, 31 
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Figure 8 - CO2 absorption (%) comparison of various ionic liquids.27, 28, 30, 31 

Generally speaking, ionic liquids have 3 main drawbacks: water absorption, viscosity 

and synthetic accessability.12, 26-32 Water absorption in ionic liquids is very common, 

though in particular for CO2 absorbing ionic liquids this can occur preferentially to 

the CO2 absorption.12, 26-32 Furthermore, the absorption of water can lead to 

decreased recyclability. The high viscosity observed in ionic liquids often means 

they must be used in solutions, leading to the aforementioned water related 

decreased recyclability for aqueous solutions, as well as potentially decreasing CO2 

uptake for other solutions.12, 26-32 Finally, the synthesis of ionic liquids can be 

difficult and costly compared to other technologies, and often require high energetic 

costs to purify them. 12, 26-32  

1.2.3 - Other Liquids  

Though technically a broad category in itself, “other liquids” really only features 

four main sorbent liquids: amino acid salt solutions,33-35 imines,36 hydroxides37-39 and 

amine-ionic liquid blends.40 Amino acid salt solutions,33-35 imines36 and amine-ionic 

liquid blends40 functionally absorb CO2 via similar, if not identical mechanisms as 

amines15-17, amine blends23-25 (discussed section 1.2.1) and hydroxides37-39 

(discussed here). Hence, their specific mechanisms will not be explored here. 
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Hydroxides are generally used in aqueous solutions and absorb CO2 via a direct 

reaction to form carbonates (Figure 9),37-39 a mechanism that also applies to non-

aqueous, non-liquid and non-hydroxide -OH groups found in other sorbent materials 

such as functionalised polymers, alcohols and glycols.37-39 

 

Figure 9 – Examples of reactions of CO2 with aqueous sodium hydroxide, calcium 

hydroxide and a generic molecule containing a -OH group.  

Several aqueous hydroxides have been suggested for CO2 capture purposes due to 

their high affinity for CO2.
37-39 Despite this, commercially proposed and used 

aqueous hydroxides such as calcium hydroxide, potassium hydroxide and sodium 

hydroxide are highly unviable, as their high affinity for CO2 also requires significant 

upfront energetic costs to regenerate, making them difficult to recycle efficiently.12, 

37-39 Combined with factors such as the low solubility of calcium hydroxide and the 

higher cost of potassium hydroxide, aqueous hydroxides thus quickly become 

unattractive options for CO2 capture applications.12, 37-39 

Amino acid salt solutions are a relatively new technology, capable of useful CO2 

uptakes.33-35 However, there are constraints on which amino acid salts can 

successfully be used, as some precipitate solid products upon reaction with CO2, 

while others can only absorb CO2 at high pressures.33-35 As with aqueous amines 

these amino acid salt solutions also suffer from water related recyclability and 

thermal degradation issues.33-35 It is worth mentioning that theoretically any amino 

acid salt can absorb CO2 so long as it possesses an amino group,33-35 and when 

paired with the correct counterion (rather than K+ or Na+), could exist as an ionic 

liquid at room temperature and thus overcome the thermal degradation issues, which 

is what inspired the exploration of [Bet][Tau] in this thesis.41 
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The most widely used example of an imine for CO2 capture is polyethyleneimine 

(PEI).36 However, as a highly viscous fluid, this means PEI is practically unusable as 

a liquid, only achieving meaningful CO2 capture when combined with swellable 

materials (discussed section 1.4.3).36 Besides this, imines predominantly exist as 

components for other sorbents such as ionic liquids, rather than being standard 

solvents, or as a component for other solid sorbents (discussed section 1.3.1). 

Finally, amine-ionic liquid blends seek to achieve similar results to amine blends, 

with the stability of the ionic liquid compensating for the amine volatility, and the 

amine reactivity bolstering the ionic liquids CO2 uptake capabilities.40 Despite this, 

amine-ionic liquid blends often display the same drawbacks as both amines and ionic 

liquids, being viscosity, water and recyclability related issues.40 

1.3 – Solid Sorbents 

1.3.1 – Porous Organic Polymers (POPs) 

As implied by the name Porous Organic Polymers (POPs) refers to porous materials 

that are made from a polymer or polymerisation process, and are often, if not always, 

crosslinked.42-48 These are an attractive option for CO2 capture applications, as they 

are often very effective and highly tailorable, meaning their structure and 

composition can be fine-tuned with relative ease.12, 42-48 As solid materials POPs 

offer two methods of CO2 absorption, physical and/or chemical.12, 42-48 Chemical 

absorption usually relies on the same mechanisms as the liquid sorbents mentioned 

above, whereas physical absorption relies on the trapping of CO2 within the porous 

3D network of the material.12, 42-48 In general, chemical absorption leads to higher 

CO2 absorption capabilities, while the physical absorption leads to increased 

recyclability.12, 42-48 
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Figure 10 - CO2 Absorption (%) comparison of various POPs.42-48 

POPs cover a wide number of materials, of which a few will be discussed here for 

comparison, with their CO2 uptakes summarised in Figure 10.42-48 In their recent 

works Xu and co-workers have developed “PEI snow”, a crosslinked PEI based 

powder capable of CO2 uptake up to 16 wt %.46-48 Das and co-workers have also 

developed triazine based POPs called TrzPOPs(1/2/3), which display CO2 uptakes of 

15.5, 20 and 22.4 wt % for TrzPOP 1, 2 and 3 respectively.43 Finally, Barkakaty and 

co-workers developed a VDMA based POP via functionalisation of the VDMA, 

achieving a CO2 uptake of 1.5 wt %.42 It should be noted, however, that all of the 

aforementioned POPs achieved these CO2 uptakes under 100 vol % CO2 streams, 

and thus would display lower CO2 uptakes in DAC or flue gas capture scenarios.42-48 

As with most materials that will be discussed in this section, the main drawbacks of 

POPs include long term stability, stability under humid conditions and recyclability 

issues.12, 44, 45 Furthermore, POPs are seldom studied under DAC conditions, where 

they may display significantly lower CO2 uptakes.12, 44, 45 This is best demonstrated 

by the PEI snow mentioned above, which displayed a CO2 uptake of only 5 wt % 

under DAC conditions.46 

1.3.2 – Hyper-Crosslinked Polystyrene (HCP) 

Though technically also a POP, hyper-crosslinked polystyrene (HCP) will be 

discussed here in specific detail as it is essentially the main focus of this thesis. First 

synthesised by Davankov in the 1970’s,49 HCP has recently become a highly 
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attractive option for CO2 capture applications due to its large internal surface area, 

relatively simple synthesis, good CO2 capture ability and the ability to synthesise it 

from waste expanded polystyrene (WEPS), driving down cost of synthesis 

dramatically.50, 51 This section will focus on the synthesis of HCP and its CO2 

capture capabilities by itself,50, 51 but it should be noted that HCP can be swollen by 

other CO2 absorbing materials (discussed in sections 1.4.2 and 1.5). 

 

Figure 11 - Synthesis of hyper crosslinked polystyrene as performed in this thesis.  

HCP was first synthesised from a variety of reactants, with a range of crosslinkers 

via a simple Friedel Crafts reaction.49 This methodology has since been adapted by 

Fu and co-workers in order to synthesise HCP from waste expanded polystyrene 

(WEPS), and was also adapted further in this thesis (Figure 11).50, 51 In these 

syntheses the polystyrene is dissolved in the crosslinker, primarily dichloroethane 

(though others have been used by Fu and co-workers51), to which the Lewis Acid 

catalyst is added, allowing electrophilic aromatic substitution to occur in order to 

produce HCP.50, 51 The methods used by Fu and co-workers produced HCPs named 

HCP-12A, HCP-12B and HCP-12C, where 12 represents reaction time in hours and 

A/B/C represent the use of 3/1/0.33 g of starting WEPS material for the reaction, 

which displayed CO2 uptakes of up to 8.74, 7.79 and 8.12 wt % respectively, as well 

as acceptable recyclability and CO2 selectivity.50 These uptakes were achieved under 

a 15 vol % simulated flue gas stream at 1 atm and 0 oC, and thus it should be noted 

that CO2 uptakes may vary at higher temperatures or CO2 vol % streams.50 
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Figure 12 - CO2 absorption (%) comparison of various HCP's synthesised by Fu et 

al.,50 and the HCP-p(tBA) copolymer nanoparticle synthesised by Pan et al.52 

A benefit of HCP is the ability to functionalise the materials via direct pre/post-hyper 

crosslinking modification or by indirect modification via copolymerisation.52, 53 Liao 

and co-workers, for example, modified HCP post hyper crosslinking to produce an 

ionic HCP that could be used for CO2 conversion purposes (which is indirectly a 

form of CO2 capture), converting CO2 into cyclic carbonates.53 Pan and co-workers 

developed a copolymer modified HCP by copolymerising polystyrene (PS) and 

poly(t-butyl acrylate) (p(tBA)), then hyper crosslinking the polystyrene and 

functionally crosslinking the p(tBA) via an aminolysis reaction with para-

phenylenediamine, producing an HCP nanoparticle with a CO2 uptake of 53.65 

wt %.52 This extremely high CO2 uptake was however achieved under a 100 vol % 

CO2 stream at 0oC, and thus is likely significantly higher than what would be 

achieved at ambient temperatures or under lower CO2 vol % streams.52 

Irrespective of the method of modification however, modified HCPs generally have 

lower Brunauer–Emmett–Teller (BET) surface areas than non-modified HCPs, as 

modification either inhibits hyper crosslinking due to sterics (copolymerisation/pre-

hyper crosslinking modification) or destroys the crosslinks as modification proceeds 

(post-hyper crosslinking).50, 53, 54 This is best demonstrated by Liao and co-workers 

work wherein their modified HCPs had a maximum BET surface area of 510 m2/g as 

opposed to their unmodified HCP which had a BET surface area of 1153 m2/g.53 
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Comparatively, the HCP produced by Fu and co-workers has a BET surface area of 

572.6 m2/g.50 

Despite the acceptable CO2 uptake and recyclability, HCPs (functionalised and non-

functionalised) display varying CO2 selectivity depending on the degree of 

crosslinking, meaning that unless the required reaction conditions are met, high CO2 

selectivity is not guaranteed.50, 51 Furthermore, most HCPs (functionalised and non-

functionalised) are only capable of achieving such CO2 uptakes under high pressure, 

dry environments.50, 51, 53 Thus, consistent with other POPs, they are likely to display 

lower CO2 uptakes and decreased recyclability under low pressure, humid 

conditions.50, 51, 53 As discussed above, modified HCPs display less internal surface 

area than their unmodified counterparts, which may be undesirable, and also require 

more expensive/difficult syntheses to produce the modified HCPs.50-54 

1.3.3 – Metal Organic Frameworks (MOFs) 

MOFs have become another class of materials with a wide range of applications in 

various chemical fields thanks to their tuneability, high internal surface area and 

porosity.55-62 For CO2 capture applications their high surface area, porous structure 

allows for high gas flow rates to be achieved, and the tuneability of their 

composition and structure means they can be optimised for CO2 capture with relative 

ease.55-62 It is also due to this that MOFs have perhaps the largest variety of 

absorption mechanisms including physical adsorption due to swelling/contraction of 

pores during gas absorption, chemical/physical hybrid absorption due to exposed 

metal sites and gas-metal interactions, and chemical absorption via similar 

mechanisms to amines and hydroxides.55-62 

This wide variety of absorption mechanisms and MOF compositions also results in a 

diverse range of CO2 absorption capabilities.55-62 MOFs that utilise physical 

adsorption such as Mg-MOF-74, for example, display often highly varying uptake 

values, with Mg-MOF-74 displaying a CO2 uptake of 22 wt % under a 100 vol % 

CO2 stream at ambient conditions.58 Meanwhile, under ambient conditions and a 

400ppm CO2/N2 stream, SIFSIX-3-Cu and SIFSIX-3-Zn display uptakes of 5.5 and 

0.6 wt % respectively,59,60 demonstrating how simply changing the metal within the 

same MOF structure can affect CO2 capture.59,60 This is similarly the case with 

chemisorbing, amine functionalised MOFs such as CAU-1, MAF-66 and NH2-MIL-
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53 which display uptakes of 31.7, 37.5 and 4.8 wt % respectively under 100 vol% 

CO2 streams at 0oC and 1 atm of pressure.57,61,62 

 

Figure 13 - CO2 absorption (%) comparison of various MOFs.55-62 

Unfortunately, MOFs reported in the literature face considerable drawbacks with 

many properties yet to be tested.12 Firstly, MOFs are often tested for 100 vol % CO2  

gas capture or simulated flue gas/DAC conditions (wherein only CO2 and N2 are 

present in the gas stream), meaning their performance under actual DAC or flue gas 

conditions is unknown.12, 55-62 This is especially concerning given that most MOFs 

face selectivity issues, often preferentially absorbing other gasses and water over 

CO2.
12 Secondly, relative to other technologies, their syntheses are difficult and 

costly to perform on a large scale (especially for functionalised MOFs). And finally, 

MOFs are renowned for their water related issues such as the preferential absorption 

of water over CO2 and degradation under humid conditions, leading to decreases in 

absorption capacity and recyclability.12, 55-62 

1.4 – Swollen Sorbents 

1.4.1 – Amine Infused Hydrogels (AIHs) 

Amine Infused Hydrogels (AIHs) are a specific type of swollen sorbent developed 

by Xu and co-workers wherein a poly(acrylamide-co-acrylic acid) hydrogel  was 

swollen with 30 wt % aqueous MEA or DEA.63-65 This was done in excess, with an 

amine to hydrogel ratio of five, to overcome acid-base neutralisation of the amines 
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caused by the acrylic acid component.63-65 In doing so this increased the gas to 

sorbent contact surface area afforded to the amine, increasing the rate of CO2 uptake 

without affecting recyclability.63-65 This did however come at the cost of a slight 

decrease in CO2 uptake compared to the non-AIH aqueous amines, with AIH-MEA 

and AIH-DEA achieving uptakes of 10 and 6 wt % under a 100 vol % CO2 stream 

respectively.63 

This concept was further expanded to 30 wt % aqueous amino acid salt (AAS) 

solutions,35 specifically potassium sarcosinate (SarK), potassium lysinate (LysK) and 

potassium 2-methylalaninate (MetK) and their sodium-amino acid counterparts 

(these won’t be discussed as they displayed worse CO2 uptakes than the potassium-

based materials).35 These systems achieved uptakes ranging from 7-8 wt % (exact 

measurements are not stated in the paper and can only be approximated from graphs), 

with sarcosinate systems displaying slightly higher uptakes as stated in the paper.35 

Again this was performed under a 100 vol % CO2 stream.35 

 

Figure 14 - CO2 absorption (%) comparison of various AIH systems.35, 63 

As stated above the aqueous amine based AIHs displayed worse CO2 uptakes than 

the solutions upon which they are based, and unfortunately do not solve the water 

related recyclability nor the amine degradation related issues featured in aqueous 

amines.63-65 Though they do not suffer degradation related drawbacks, amino acid 

salt based AIHs similarly suffer from water related recyclability issues.35 As found in 

the earlier work, the hydrogels can also degrade over time, decreasing uptake and 

recyclability beyond that point, but this usually takes many cycles for aqueous 
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AIHs.14 Furthermore, it is likely the case that these AIHs would display worse CO2 

uptakes under flue gas or DAC conditions. These issues (except hydrogel 

degradation) were solved by moving to non-aqueous solutions and is discussed in 

Section 1.5.14, 66 

1.4.2 – Sorbents Swollen into HCP 

In recent works HCP has been swollen with various CO2 absorbing liquids such as 

tetraethylenepentamine (TEPA),67 PEI68, 69 and 100 wt % amines14 (discussed section 

1.5). Usually, these liquids cannot be utilised by themselves due to issues with 

viscosity, but the large internal surface area of HCP grants these liquids a higher gas 

to sorbent contact area as they occupy this surface area, effectively rendering 

viscosity issues moot.67-69 This is demonstrated in two separate studies by Liu et al.69 

and Bai et al.68 wherein HCP/PEI systems named XAD-4-pc/PEI and HPD/PEI were 

able to achieve CO2 uptakes of 14.3 and 19.5 wt % respectively.68, 69 Liu and co-

workers also demonstrate this in another work wherein HCP/TEPA systems were 

capable of CO2 uptakes of 13.7 wt %.67 Furthermore, all of these systems displayed 

good recyclability over many regeneration cycles.67-69 All of these uptakes were 

achieved under 100 vol % CO2 streams and thus are likely higher than would be 

expected of lower CO2 vol % streams.67-69 

 

Figure 15 - CO2 absorption (%) comparison of various sorbent swollen HCP 

systems.67-69 

As with the majority of absorbents discussed so far, swollen HCP sorbents generally 

display the same drawbacks as either HCP or the sorbent liquid.67-69 Namely, CO2 
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capture can usually only occur at high pressures, and that long term recyclability in 

humid conditions is often an issue due to water related degradation or absorption.67-69 

1.4.3 – Other Swollen Sorbents 

Similar to “other liquids”, “other swollen sorbents” is a very broad category given 

that any form of porous solid structure can technically be swollen by any liquid 

sorbent mentioned thus far.70-75 TEPA based examples include TEPA swollen into  

MOF ZIF-8,71 SiO2 nanowires72 and mesoporous TiO2,
73 displaying CO2 uptakes of 

6.7, 16.2 and 11.1 wt % respectively,71-73 which were achieved under simulated flue 

gas (ZIF-8 and TiO2)
71,73 and 100 vol % CO2 streams (SiO2)

72. PEI based examples 

include PEI swollen into MOF PGD-H,75 mesoporous alumina70 and layered 

silicate74 displaying CO2 uptakes of 18.9, 12 and 26.9 wt % respectively under 100 

vol % CO2 streams.70, 74, 75 Regardless, similar to swollen HCP systems, issues with 

high pressure restricted uptake and long-term stability issues are also issues for these 

swollen sorbents.70-75 

 

Figure 16 - CO2 absorption (%) comparison of various other swollen TEPA/PEI 

systems.70-75 

1.5 – Earlier Work 

The earlier work component of this thesis (abbreviated to EW in some figures) was 

mainly focused on improving the AIH work done by Xu and co-workers.35, 63-65 This 

was primarily achieved by increasing the recyclability and CO2 capture capabilities 

of the AIH systems by moving from aqueous solutions of amines to non-aqueous 

solutions and swelling them into various polymeric materials to increase gas-sorbent 
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contact surface area.14, 66 Eventually it was found that, with certain materials, 100 wt % 

amines could be used without need for a solvent, leading to drastic improvements in 

CO2 uptake and/or recyclability (depending on the material being swelled).14, 66 

 

Figure 17 – (A) CO2 absorption (%) of various 30 wt % amine in ethylene glycol 

hydrogel systems at different (hydrogel to sorbent) ratios. (B) Recyclability of the 

DEA/EG (1:3) and PE/EG (1:3) hydrogel systems.14 

Experiments initially employed the poly(acrylamide-co-acrylic acid) hydrogel used 

by Xu and co-workers,63-65 but using DEA and 2-piperidine ethanol (PE) in ethylene 

glycol (EG) solutions instead of the aqueous MEA/DEA solutions to swell the 

hydrogel.14, 66 These experiments were also conducted at 1:3 and 1:5 hydrogel to 

(A) 

(B) 
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EG/amine solution ratios, an excess which again overcame acid-base neutralisation 

caused by interactions between the amine and co-acrylic acid components.14 Though 

this resulted in improved recyclability (Figure 17B), a slight decrease in CO2 capture 

capabilities compared to the aqueous AIH counterparts occurred (Figure 17A).14 

This was overcome by swelling sorbent liquids into a synthesised crosslinked 

polyacrylamide (PAM) material of greater surface area instead, increasing CO2 

capture capabilities (Figure 18A) and allowing for a larger variety of amines/amine 

solutions, solvents and amino acid salts to be used, but this came at the cost of 

recyclability (Figure 18B).14, 66 

 

Figure 18 - (A) CO2 absorption (%) of various sorbent systems swollen into PAM.                

(B) Recyclability of DEA sorbent systems swollen into PAM. 14, 66 

(A) 

(B) 
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Given the recyclability issues with PAM systems, a poly((N-2-hydroxyethyl) 

acrylamide) (PHEAA) material was swollen with sorbent liquids instead, resulting in 

slightly decreased CO2 uptakes compared to the PAM (Figure 19A), but greatly 

increased recyclability for the 100 wt % DEA and 30 wt % SarK (an amino acid salt) 

systems over 10 regeneration cycles (Figure 19B).14, 35, 66 At this point tertiary 

amines also became viable, though they displayed reduced CO2 uptakes compared to 

the primary/secondary amines and amino acid salt solutions (Figure 19A).14 

 

Figure 19 - (A) CO2 absorption (%) comparison of various sorbent systems swollen 

into PHEAA. (B) Recyclability of the DEA (100wt%) and SarK/EG (30wt%) swollen 

PHEAA. 14, 35, 66 

(A) 

(B) 
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Finally, HCP was swollen with various 100 wt % amines, resulting in the best CO2 

capture results, even under direct air capture conditions (Figure 20A).14 This is 

presumed to be because of the considerably higher internal surface area of the HCP 

compared to the other materials, granting the amines drastically higher gas to sorbent 

contact areas, thus increasing uptake.14 Unfortunately, this came at the cost of 

recyclability (Figure 20B), due to degradation of the amines (discussed below).14 

 

Figure 20 - (A) CO2 absorption (%) comparison of various 100 wt % amines 

swollen into HCP. (B) Recyclability of the HCP/MEA and HCP/DEA systems.14 

Ordinarily amines such as MEA and DEA cannot be used in 100 wt % solutions due 

to their high viscosity, resulting from hydrogen bonding via the -OH groups present 

(A) 

(B) 
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in ethanolamines and -NH2 or -NH groups present in all amines, which heavily 

impacts CO2 migration through the liquid, decreasing absorption.14, 66 This is 

overcome when swelling the amine into a high internal surface area material as the 

amine is granted a greater surface area to spread over, effectively increasing the gas 

to sorbent contact area of the amine, increasing uptake and uptake kinetics.14, 66 

 

Figure 21 – Examples of possible degradation pathways of primary/secondary 

ethanolamines via iron catalysed oxidation (Equations 10 and 11),76-78 or CO2 

(Equation 13) related degradation.79,80Also described is the degradation pathway 

from imines to aldehydes (Equation 12).76-80 

The volatility of most primary/secondary amines also usually prevents them being 

used in 100 wt % solutions, due to oxidation76-78 (Figure 21, equations 10 and 11) 

and CO2 (Figure 21, equation 13) related degradation,79, 80 the former of which can 

be iron catalysed,76, 77 hence why the amines used with HCP (due to residual iron 

from the synthesis) and for DAC experiments showed reduced recyclability.14 

Equation 12 also describes the further degradation of the degradation produced 

imines, which can absorb CO2, to aldehydes, which cannot absorb CO2.
76-80 It should 

also be noted that direct oxidation of the nitrogen in amines to form N-oxides is 
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possible, but not detailed in Figure 21.76-78 Additionally, it must be considered that 

hydrogen abstraction as detailed in equations 10 and 11 can occur at the OH-CH2 

carbon, but is also not detailed in Figure 21.76-80 In the case of the swollen PAM 

materials, the amines likely also degraded due to transamidation reactions.81, 82 

PHEAA, having no residual iron in its structure, thus displayed the greatest 

recyclability of the swollen materials used in the earlier work.14 

1.6 – Aims for this Work 

The primary goal of this project/thesis was to improve upon the HCP systems 

previously examined by either increasing CO2 uptake capabilities or recyclability.14 

In the process from monomer to swelled HCP there are four ways HCP systems can 

be improved: 1) altering of the hyper crosslinking itself, 2) altering the sorbent liquid 

swollen into the HCP, 3) indirect functionalisation via copolymerisation prior to 

crosslinking, and; 4) direct functionalisation of the HCP. Of these 4 options, the 

former 3 were chosen as they presented more opportunities for the preparation of 

new materials. Thus, the aims for this thesis/project were: 

1) Investigate how changing the crosslinkers and crosslinker ratios in a traditional 

Friedel Crafts synthesis of HCP affected the end product HCP, and how this in turn 

affected CO2 uptake capabilities once swelled with DEA. 

2) Investigate the CO2 capture capabilities of novel 100 wt % amine blends of MEA, 

DEA, MDEA and TEA swollen into HCP, wherein 30 wt % of the blend is MEA or 

DEA and the remaining 70 wt % is MDEA or TEA. Theoretically the MEA/DEA 

should increase the absorption capacity of the tertiary amines, while the MDEA/TEA 

should increase the recyclability of the primary/secondary amines.23-25  

3) Attempt to synthesise a novel HCP via an alternative hyper crosslinking 

mechanism found in the literature,83-89 and thus investigate how the HCP and amine 

swelled HCP produced by this mechanism compared to HCP’s synthesised by the 

“traditional”49-51 method. 

4) Synthesise and investigate the CO2 uptake capabilities of a [betaine][taurine] ionic 

liquid found in literature, which had previously only been used for protein delivery 

applications,41 but is theoretically capable of CO2 capture due to the -NH2 of the 

taurine. 
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5) Synthesise a RAFT prepared copolymer crosslinked nanogel by copolymerising a 

block copolymer of polystyrene and poly(VDMA), which could then be hyper 

crosslinked via the polystyrene block, and functionally cross linked by a reaction 

between the VDMA block and TEPA. This would then produce a novel copolymer 

nanogel capable theoretically capable of CO2 capture, which would also be 

investigated. 

2 – Materials and Analytical Methodologies 

2.1 – Materials and Preparations 

All gasses were supplied by BOC. All materials were purchased from Sigma Aldrich 

at their highest available purity and used without further purification, with the 

exceptions of the azobisisobutyronitrile (AIBN), styrene and WEPS.  

The WEPS was sourced from laboratory equipment packaging, and was used without 

further purification.  

AIBN (12 wt % in acetone) was purified by first removing the acetone, then 

recrystallising the crude AIBN from methanol (MeOH) twice.  

Styrene was purified by passing through a basic alumina column to remove the 

polymerisation inhibitor. 

2.2 – Analytical Methodologies 

2.2.1 – ATR-FTIR Spectroscopy 

FTIR Spectroscopy was performed on the Nicolet iS50 FTIR spectrometer (Thermo 

Fisher Scientific) using a diamond ATR accessory. Scans were performed with a 

resolution of 4 cm-1 over the 4000-400 cm-1 range, with 64 scans per sample. Spectra 

were recorded and ATR corrected using the OPUS data acquisition program 

(Bruker). In some cases, figures in this thesis show spectra directly imported from 

OPUS, while others show spectra that have been processed with Excel. The diamond 

was cleaned with ethanol between samples, and a background collection was 

performed before each sample. All scans were conducted at ambient conditions. 

2.2.2 – 1H NMR Spectroscopy 

1H NMR Spectroscopy was performed using a Bruker Avance 400 spectrometer at 

ambient conditions, with the data processed using TopSpin 4.1. 



33 

 

2.2.3 – Size Exclusion Chromatography (SEC) 

To determine the molecular weight (number average molecular weight, Mn, and 

weight average molecular weight, Mw) and dispersity of the polymers synthesised in 

section 3.1, SEC was performed on a Shimadzu modular system equipped with 

Phenomenex Security Cartridge Guard (4mm x 3mm), two linear phenogel columns 

(103 and 104 Å pore size), an RID-20A refractive index detector, an SPD-M20A 

prominence diode detector and a miniDAWN TREOS multiangle static light 

scattering detector. Dimethylacetamide containing 30mM LiBr was used as a solvent, 

with a flow rate of 1.0 ml/min at 40°C. Chromatograms were processed with Lab 

Solutions’ SEC software. 

 

 3 – New Hyper Crosslinked Polystyrenes 

3.1 – HCP from traditional Friedel Crafts Reactions 

3.1.1 – Solvent Selection Results and Discussion 

Since HCP is traditionally synthesised using the crosslinker as the solvent,50, 51 as 

reported in the earlier work,14 to investigate the effect of different crosslinkers and 

amount of crosslinkers had on the HCP, this required a solvent that was not a 

crosslinker. As such, a suitable solvent was required to; 1) not participate in Friedel 

Crafts Alkylation (FCA) reaction, 2) not inhibit the FCA reaction, 3) be capable of 

dissolving one or both of the WEPS and FeCl3 and 4) have formed HCP upon 

completion of the reaction detailed below (Figure 22).  

 

Figure 22 - Synthesis of hyper crosslinked polystyrene (HCP) from waste expanded 

polystyrene (WEPS) using dichloroethane (DCE) as the crosslinker, FeCl3 as the 

Lewis Acid catalyst and various solvents to conduct the reaction in. 
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WEPS (1 g, 9.6 mmol based on repeating styrene units) and FeCl3 (1 g, 6.17 mmol) 

were combined separately with the chosen solvent (15 ml) and left overnight to 

dissolve. If dissolution of either the WEPS or the FeCl3 was successful, then WEPS 

(1 g, 9.6 mmol based on repeating styrene units) and FeCl3 (4.67 g, 28.8 mmol) was 

dissolved in the chosen solvent (30 ml), to which DCE (2.85 g, 28.8 mmol, except in 

the 50/50 wt % acetone/DCE trial) was added as a crosslinker. The reaction was 

sealed and left to proceed with vigorous stirring for 72 hours. Had a solid formed it 

was then isolated via vacuum filtration and washed with HCl (30%, 3 x 30 ml), 

methanol (3 x 30 ml), acetone (3 x 30 ml), methanol (3 x 30 ml) and DCM (3 x 30 ml) 

at which point the filtrate was clear/colourless. The solid was then left to dry 

overnight in a 60 °C vacuum oven. Following this the solids were submerged in 100 

ml of DCM for 1 hr (this is explained below), and were subsequently dried in the 

vacuum oven again for further usage. 

Table 1 - Summary of results for investigating suitable solvent for HCP synthesis. 

 

As seen in Table 2, several solvents, namely ethanol, pentane, octane, decane and 

dodecane were deemed unsuitable for the synthesis of HCP due to the fact they were 

incapable of dissolving the WEPS or FeCl3. Despite THF, acetone (neat and 1:1 with 

DCE), methanol, acetonitrile and dimethylformamide being capable of dissolving 

one or both reactants, all of these solvents were deemed unsuitable as they either 

produced no product, or a product that was not HCP (discussed below). This is likely 

because these solvents are a mixture of bases and Lewis bases, thus inhibiting the 

FCA reaction from proceeding by effectively neutralising the FeCl3 catalyst. It is 

unclear as to why the petroleum spirits were unable to facilitate the reaction, but this 

Solvent
Dissolved 

WEPS?

Dissolved 

FeCl3?

Description of 

Reaction Product.

DCM Soluble 

Product?

Suitable 

Solvent?

Acetone Yes Yes White, glue-like solid. Yes No

Acetone/DCE (1:1) Yes Yes White, glue-like solid. Yes No

Tetrahydrofuran Yes No No product formed. - No

Dimethylformamide Yes Yes White, glue-like solid. Yes No

Acetonitrile Yes Yes White, glue-like solid. Yes No

Methanol Yes No No product formed. - No

Ethanol No No - - No

Pentane No No - - No

Octane No No - - No

Decane No No - - No

Dodecane No No - - No

Pet. Spirits Yes No No product formed. - No

Cyclohexane Yes Yes Brown, powdery solid. No Yes
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result in particular suggests that it is necessary to have a homogenous reaction in 

which both the WEPS and the FeCl3 must be dissolved. 

Several solvents, namely acetone, 50% acetone / 50% DCE, N,N-dimethylformamide 

and acetonitrile formed solids after the syntheses were completed. However, given 

that HCP, regardless of the synthesis methodology, is a brown, powdery solid50,51 an 

additional experiment was conducted in which the solids formed were submerged in 

DCM (100 ml). In all of these cases the solid dissolved, indicating the solid was 

unreacted polystyrene rather than HCP. It is unclear why the unreacted polystyrene 

was only present after allowing the reactions to proceed for 72 hours, but it is evident 

that in all of these cases the FCA reaction failed to proceed due to the solvents 

neutralising the FeCl3 catalyst, as discussed above. In contrast to this, the 

cyclohexane trial formed the expected brown, powdery solid50,51 which was 

insoluble in DCM, indicating successful HCP synthesis, thus cyclohexane was 

deemed a suitable solvent. Interestingly many of these results disagree with the 

suggested solvents from the literature, though the reason for this is unknown.90 

3.1.2 – HCP Synthesis Results and Discussion 

In contrast to the earlier work where we prepared HCP with very high crosslinking 

densities,14 for the first part of this study we decided to examine much lower ratios of 

WEPS/haloalkanes in an effort to observe potential significant differences in CO2 

uptake as a function of crosslinking agent structure. Thus, having identified an 

appropriate solvent, HCP was synthesised using varying ratios of different 

crosslinkers via an adapted version of the procedure used in the earlier work,14 which 

was in turn adapted from Fu and co-workers’ procedure for synthesis of HCP from 

WEPS.50, 51 In all procedures the molar ratio of FeCl3 to crosslinker was kept 1:1 i.e. 

if the reaction had a 1:2 WEPS to crosslinker (CL) molar ratio, it would also 

therefore have a 1:2 WEPS to FeCl3 molar ratio. A generic procedure for this 

synthesis is as follows: 
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WEPS (1 g, 9.6 mmol based on repeating styrene units) was dissolved in 

cyclohexane (15 ml, 138.8 mmol), to which was added a solution of FeCl3 (0.5, 1 or 

2 molar equivs relative to WEPS) dissolved in cyclohexane (15 ml, 138.8 mmol) and 

the chosen crosslinker (0.5, 1 or 2 molar equivs relative to WEPS). The reaction was 

then left to proceed for 3 days with vigorous stirring, after which a brown-black 

solid had formed. This solid was then isolated via vacuum filtration and washed with 

HCl (3 x 30 ml), MeOH (3 x 30 ml), acetone (3 x 30 ml), MeOH (3 x 30 ml) and 

DCM (3 x 30 ml) at which point the filtrate was clear/colourless. The product was 

then dried in a 60 °C vacuum oven overnight and ground into a powder using a 

pestle and mortar. 

FTIR (ATR corrected, cm-1): 3000 (C-H stretching, aromatic), 2900 (C-H stretching 

of -CH2- in polymer and crosslinks), 1600 (C=C, aromatic), 1500 (C=C, aromatic), 

1450 (C=C, aromatic), 750 (C-H stretching, aromatic), 700 (C-H stretching, 

aromatic) Based on 1:2:2 DCE, shown in Figure 24).  

Figure 23 – (A) Synthesis of HCP from WEPS using cyclohexane as a solvent and 

various crosslinkers (dichloro-meth/eth/but/hex-ane, chloroform and 1,3-dichloro-

2-(chloromethyl)-2-methylpropane (DCCMP)) at 1:0.5, 1:1 and 1:2 WEPS to 

crosslinker molar ratios. (B) Possible HCP structures produced from the synthesis 

of HCP with various crosslinkers detailed in (A). 

(A) 

(B) 
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Figure 24 - ATR corrected FTIR spectra for the various synthesised HCPs. Black = 

WEPS, Red = 1:0.5, Blue = 1:1 and Green = 1:2, where these ratios indicate the 

molar ratio of WEPS to crosslinker. Reproduced with permission from Joseph 

Valerioti’s CRM final project thesis. 

FTIR spectroscopy results (Figure 24) show characteristic decreases in signals at 700 

and 750 cm-1 defined by Fu and co-workers,50, 51, 91 which are associated with C-H 

stretching signals from the phenyl rings. As the phenyl ring is substituted (or in this 

case, crosslinked), the stretching movement of these C-H’s is restricted, causing a 

decrease in the aforementioned signals compared to WEPS.50, 51, 91 These decreases 

indicate that HCP was successfully synthesized regardless of crosslinker, and that the 

most highly crosslinked HCP’s for each crosslinker (defined by greatest decreases in 

the 696 and 756 cm-1 signals) were all 1:2 PS:CL HCPs, followed by the 1:1 HCPs 

and then the 1:0.5 HCPs. This was expected as increasing the ratio of WEPS to 

crosslinker would obviously increase the degree of crosslinking, or crosslink density, 

and is further supported in Figure 25 wherein the earlier HCP14 (synthesised at a 

1:20 PS:CL ratio), shows the greatest decrease in these signals, indicating it is more 

crosslinked. 
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Figure 25 - ATR correct FTIR spectra comparison of earlier HCP to various HCPs 

synthesised in this work. Blue = earlier HCP, red = DCCMP (1:2) HCP, pink = 

DCH (1:2) HCP, green = DCB (1:1) HCP and orange = chloroform (1:1) HCP 

where the ratio represents the molar ratio of WEPS to crosslinker. Reproduced with 

permission from Joseph Valerioti’s CRM final project thesis. 

Other significant signals present in the IR spectra (Figure 24) include signals at 3000, 

2900, 1600, 1500, and 1450 cm-1 which are associated with C-H stretching 

(aromatic), C-H stretching of -CH2-‘s in the polymer and crosslinks, C=C stretching 

(aromatic), C=C stretching (aromatic) and C=C stretching (aromatic), respectively.50, 

51, 91 Also present in some spectra is a signal at 1000 cm-1, which can be associated 

with a possible side reaction described in the literature.92, 93 As can be seen in Figure 

26, there was no discernible pattern in colour among the HCPs, which was not 

observed in Fu and co-workers’ studies.50, 51 Furthermore, these HCPs are not the 

characteristic brown colour observed for other HCPs, such as the earlier HCP14 and 

the two purchased Purolite HCPs (Figure 26). It is possible these colour differences 

and lack of pattern are simply due to interactions between FeCl3 and the HCP 

defined in Fontanals and co-workers’ study,92 as well as residual reactants being 

present in the HCP network post synthesis. 
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Figure 26 - Visual comparison of the various HCPs synthesised in this work vs 

WEPS, the earlier HCP14 (labelled CSIRO-HCP-FDMA in picture) and two 

purchased HCP's (Purolite 1 and 2) which were crosslinked with divinylbenzene. 

3.1.3 – HCP/DEA Swelling and CO2 Capture Experiments Results and Discussion 

Following the successful syntheses, swelling experiments with DEA were conducted 

with each of the synthesised HCPs (Figure 27). To do so, the chosen HCP and DEA 

were simply combined at a 1:2 mass ratio (HCP:DEA) and mixed at room 

temperature, as per the earlier works procedure.14 In all cases this resulted in a thick 

paste rather than the expected powder. This was repeated at a 1:1 and 1:0.5 mass 

ratio, with only the highest crosslinked HCPs (i.e. the 1:2:2 PS:CL:FeCl3 HCPs) 

yielding a free flowing powder at a 1:0.5 mass ratio. These HCP/DEA systems were 

deemed “successfully swelled”.  
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Figure 27 – Scheme of swelling of various HCPs synthesised in this work with DEA 

at a 1:0.5 HCP to DEA ratio. HCP crosslinked with DCM is used in this figure. 

We believe the swelling ratio of the swollen HCPs could be increased by increasing 

the degree of crosslinking92 to allow for crosslinking densities similar to the earlier 

HCP,14 which displayed a swelling ratio of 1:2 (HCP to DEA), and was synthesised 

at a 1:20 PS:CL ratio as opposed to the 1:2 WEPS:CL ratios of the HCPs discussed 

here.14 The increased crosslinking density of the earlier HCP14 would thus result in a 

greater BET surface area within the crosslinking network,50, 51, 94 allowing for greater 

swelling.14, 92 Ideally the BET surface area of these materials would be measured and 

compared to confirm this, but due to equipment limitations this could not be done. 

Using the successfully swelled HCPs from this work, CO2 capture experiments were 

then conducted using the simple balloon method procedure as used in the earlier 

work.14 The procedure is as follows: 
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Figure 28 - Visual representation of the "balloon method" used to determine CO2 

capture capabilities in this work. Reproduced with permission from CSIRO.65 

A known amount of the chosen HCP/amine system was placed into a tared vial 

capped with a septum lid. A needle attached to a CO2 filled balloon was then 

inserted into the septum along with a vent needle, allowing CO2 to flow through the 

vial, purging it of air. After 1 minute both needles and the balloon were removed and 

the mass of the vial was measured again, after which only the needle attached to the 

balloon was reinserted, pressurising the vial with CO2 and allowing CO2 to be 

absorbed. The mass of the vial without the needle and balloon was then measured 

every 5 minutes thereafter until changes in mass plateaued, indicating the maximum 

amount of CO2 had been absorbed. The balloon was refilled as required throughout 

the experiment to keep constant pressure, and all experiments were conducted at 

ambient conditions. All CO2 capture experiments were performed in triplicate, the 

averages of which are displayed in Figure 29 (and subsequent figures in other 

sections). 
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Figure 29 - CO2 Absorption (%) comparison of various 1:2 (WEPS to crosslinker) 

HCPs from this work, which were swollen with 100 wt % DEA at a 1:0.5 HCP to 

DEA ratio. Aq. DEA18 and the HCP/DEA system from the earlier work14 are also 

included for comparison. 

Figure 29 clearly demonstrates that despite the lower-than-expected swelling ratios, 

the swelled HCPs were all capable of decent CO2 uptakes. The highest CO2 uptakes 

also correlate to the highest degrees of crosslinking with the DCH HCP, the most 

crosslinked material (discussed section 4.1.2), displaying the highest uptake of 4.63 

wt %, followed by the DCCMP, DCB, DCE, CHCl3 and DCM HCPs displaying 

uptakes of 4.52, 4.41, 4.01, 3.86 and 3.75 wt % respectively. The differences in 

uptakes are simply due to the differences in crosslinking, with higher degrees of 

crosslinking increasing the internal surface area of the HCP and therefore increasing 

the gas to sorbent contact area when the DEA occupies this surface area, allowing 

for greater uptakes.  

It is also evident that longer crosslinks generated by the longer crosslinking agents 

had a positive effect on CO2 uptake, with CO2 uptake increasing as crosslinker agent 

length increases, wherein the ascending crosslinker length of DCM and CF < DCE < 

DCB < DCH directly correlates to the ascending CO2 uptake values of DCM < DCE 

< DCB < DCH. This is simply because, as discussed above, the longer crosslinkers 
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resulted in greater internal surface area, and therefore greater CO2 uptakes. 

Interestingly DCCMP appears to not fit this trend, having a crosslinker length 

between DCE and DCB of effectively a 3-carbon alkyl chain from Cl to Cl, but a 

CO2 uptake between those of DCB and DCH. This is likely due to the fact that 

DCCMP is trifunctional, and thus has the potential to form crosslinks of greater 

surface area by substituting to more phenyl rings than the DCB despite its shorter 

crosslink length.  

As with swelling capabilities these uptakes could likely be increased by increasing 

the crosslinking density, similar to the earlier HCP,14 thus granting greater internal 

surface area and therefore greater gas to sorbent contact area and CO2 uptake. 

 

Figure 30 - CO2 absorption breakthrough curves for various 1:2 (WEPS to 

crosslinker) HCPs synthesised in this work, which were swollen with DEA at a 1:0.5 

HCP to DEA ratio. 

From the CO2 absorption breakthrough curves in Figure 30 it was found that the 

synthesised HCPs achieved 90% of their total uptake capacity in 1800, 1800, 1800, 

2400, 2700 and 2700 seconds for the DCH, DCCMP, DCB, DCE, CF and DCM 

HCPs respectively. Thus, it is evident that there is also a correlation between CO2 

uptake rate and the degree of crosslinking, with higher crosslinked HCPs achieving 
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more rapid CO2 uptake. The order of slowest to fastest 90% of total CO2 uptake is 

thus DCH, DCCMP, and DCB > DCE > CF and DCM. The differences in uptake 

rate are again simply due to increasing crosslinking resulting in increasing internal 

surface area and therefore greater gas to sorbent contact area and more rapid CO2 

uptake. This is also why there are two distinct groupings of the DCH/DCCMP/DCB 

and DCM/DCE/CF crosslinkers observed in the breakthrough curves, with DCM and 

CF sharing similar breakthrough curves due to their nearly identical crosslinking 

length and structure, and DCE having only a slightly different breakthrough curve 

due to the single additional -CH2- present in its crosslinking structure. The same can 

also be said for the DCH, DCCMP and DCB HCPs, which again display similar 

breakthrough curves due to their similar length and structure. 

Since no changes that could affect recyclability were made to the HCPs from this 

thesis as compared to the earlier work,14 the HCPs from this thesis were not tested 

for recyclability, though it is likely they are equally as unrecyclable as the HCP 

systems from the earlier study due to iron catalysed degradation discussed in section 

1.5.77 

3.1.4 – HCP/Amine Blends Swelling and CO2 Capture Experiments Results and 

Discussion 

For this study we decided to examine the use of amine blends with HCP due to the 

theoretical benefits blends can provide over 100 wt % amine solutions, as discussed 

in section 1.2.1.23-25 Similarly, to the 100 wt % amine systems, it was decided that 

the water component of traditional amine blends23-25 (discussed section 1.2.1) be 

removed, thus each of the blends used were comprised of 30 wt % primary amine 

and 70 wt % tertiary amine, with the chosen blends being MEA/MDEA, MEA/TEA, 

DEA/MDEA and DEA/TEA. For this series of experiments, we chose to use an HCP 

of much higher crosslinking density prepared from the reaction of WEPS with DCE 

at a WEPS to DCE ratio of 1:20, an order of magnitude higher than the HCPs used 

above. This was done, as discussed above, so that higher swelling ratios and CO2 

uptakes could be achieved. Swelling was conducted in the same manner as above,14 

by simply mixing the chosen amine blend with the HCP at a 1:2 HCP to blend mass 

ratio at ambient conditions, until a free-flowing powder was produced. CO2 uptake 

experiments were then performed using the aforementioned “balloon method”.14 
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Figure 31 - CO2 absorption (%) comparison of the various amine blends (30% 

primary/secondary amine, 70% tertiary amine) swollen into the higher crosslinked 

HCP from this work and the aqueous blends discussed in section 1.2.1. 

As seen in Figure 31 the amine blends achieved acceptable uptake capacities of 5.32, 

6.52, 4.41 and 4.73 wt % for the MEA/TEA, MEA/MDEA, DEA/TEA and 

DEA/MDEA blends respectively, achieving 90% of their total CO2 uptake capacity 

in 600, 600, 900 and 900 seconds respectively (Figure 32). As expected, the MEA 

based blends outperformed the DEA based blends in both uptake capacity and rate, 

which is simply due to the MEA in the blend being a primary amine and therefore 

more reactive than DEA, a secondary amine. Similarly, the MDEA blends 

outperformed the TEA blends in uptake capacity due to MDEA’s higher reactivity 

over TEA. 
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Figure 32 – CO2 Absorption breakthrough curves for higher crosslinked HCP 

swollen with blends of MEA/TEA, MEA/MDEA, DEA/TEA and DEA/MDEA. 

Interestingly, all of the MEA blends tested for this work outperformed their aqueous 

counterparts discussed in section 1.2.1,20, 21 with the MEA/MDEA and MEA/TEA 

blends displaying 825 and 1266 % increased uptake compared to their aqueous 

counterparts respectively.20, 21 This is simply due to the increased concentration of 

MEA present in the blends versus the aqueous counterparts, which would increase 

uptake capacity compared to those from the literature. The DEA/MDEA blend 

however, displayed a lower CO2 capacity compared to its aqueous counterpart.22 As 

discussed in section 1.2.1, the aqueous DEA/MDEA achieved its uptakes under 4.9 

MPa of pressure, hence its greater uptake compared to the DEA/MDEA blend in this 

work.22 As also discussed in section 1.2.1, no aqueous DEA/TEA blend could be 

found in the literature, hence comparisons cannot be made. 
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Figure 33 - CO2 absorption (%) comparison of the various amine blends from this 

work and the 100 wt % amines from the earlier work, combined with HCP.14 

However, all amine blends achieved lower uptake capacities than the 100 wt % MEA 

and DEA from the earlier work (Figure 33).14 This is primarily attributed to the 

presence of the tertiary amines, which have lower CO2 uptake capacities and 

effectively dilute the higher absorbing primary/secondary amine, therefore lowering 

uptake. The presence of the tertiary amines is also why the blend systems were 

slightly slower to achieve 90% of their total uptake compared to the 100 wt % MEA 

system, which achieved 90% of its total CO2 uptake in 600 seconds,14 as the tertiary 

amines lower the overall reactivity of the blend and therefore the absorption rate. 

Conversely the presence of the MEA and DEA in the blends are responsible for the 

increased absorption capacities over their 100 wt % MDEA and TEA counterparts 

(Figure 33),14 as well as the increased absorption rates over their 100 wt % MDEA 

and TEA counterparts (which achieved 90% of their total CO2 uptake in 1200 and 

900 seconds respectively),14 as the increased reactivity of the MEA and DEA 

increased the overall reactivity of the blend, therefore increasing uptake and uptake 

rate.  
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Figure 34 - Recyclability of the higher crosslinked HCP swollen with amine blends. 

Despite the lower uptake capacities compared to 100 wt % MEA and DEA from the 

earlier work,14 it was decided that the blends would be investigated for their 

recyclability (Figure 34), as it was hypothesized in sections 1.2.1 and 1.6 that the 

tertiary amine should allow for a more recyclable sorbent.23-25 Recyclability 

experiments were conducted by simply absorbing CO2 via the balloon method, then 

fully desorbing CO2 by placing the open vial in a 60°C vacuum oven for 2 hours, 

followed by reabsorption of CO2 with the balloon method again. Unfortunately, none 

of the blends displayed increased recyclability, with CO2 uptakes reducing by 25.6, 

26.9, 31.6 and 29.6 % for the MEA/TEA, MEA/MDEA, DEA/TEA and 

DEA/MDEA blends respectively after just one cycle (Figure 34). These decreases in 

uptake capacity are likely due to the rapid degradation of the MEA/DEA in the 

blends,76-78, 80 as discussed in section 1.5, as well as the degradation of the tertiary 

amines as observed elsewhere in the literature.79 
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3.2 – HCP from Alternative Friedel Crafts Reaction 

For this thesis an alternative synthesis83-88 based on mechanisms found in the 

literature83-88 for HCP synthesis from WEPS, difunctional alcohols and a sulfuric 

acid catalyst was also investigated (Figure 35). Given the simplicity of the reaction 

(Figure 35) and low cost, wide availability of multi-functional alcohols such as 

ethylene glycol and poly(ethylene glycol)s, such a synthesis could provide a 

desirable alternative to the higher cost, higher difficulty traditional synthesis of HCP. 

Initial experiments, detailed below, were unsuccessful regardless of reaction 

conditions such as varying reaction temperature and EG/H2SO4 concentration, and so 

further experiments were not pursued. Reactions were likely unsuccessful due to 

ether formation from the ethylene glycol dominating the reaction (Figure 36). 

 

Figure 35 - Alternative synthesis of HCP from WEPS using ethylene glycol as the 

crosslinker, DCM or DCE as the solvent and H2SO4 as the acid catalyst, performed 

at room temperature or at reflux over 72 hours. 

WEPS (1 g, 9.6 mmol based on repeating styrene units) was dissolved in the chosen 

solvent (DCM or DCE, 15 ml), to which was added ethylene glycol (15 ml, 268 mmol) 

followed by dropwise addition of H2SO4 (98 %, 0.3/0.6/1.2/3 ml, 5.6/11.2/22.4/56 

mmol) resulting in a clear/colourless solution. The reaction proceeded for 3 days at 

room temperature or reflux. In all cases no visible reaction occurred after 3 days. 

 

Figure 36 - Formation of an ether (diethylene glycol) from ethylene glycol via 

dehydration reaction with H2SO4. 
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4 – [Bet][Tau] Ionic Liquid 

4.1 – Synthesis and Discussion 

4.1.1 – [Bet][Tau] Synthesis Results and Discussion 

To synthesise [Bet][Tau] the procedure from the literature source was employed 

(Figure 37).41 Regardless of reaction conditions, all syntheses resulted in a 

crystalline solid and small amount of clear/colourless liquid being produced. 1H 

NMR spectroscopic shifts from the liquid (Figure 38) at 3.82 and 3.19 ppm 

correlating respectively to the methylene and methyl groups in betaine confirm the 

syntheses were unsuccessful, and are corroborated by values found in the literature 

source.41 We believe these syntheses were unsuccessful because the synthesis 

proposed by the literature source41 is not valid, and provide evidence to support this 

in the section below. 

 

Figure 37 - Synthesis of [Bet][Tau] ionic liquid41 from betaine and taurine with H2O 

solvent (pH 1, 5, 6, 7 and 12), performed at room temperature or reflux overnight. 

Betaine (1 g, 8.5 mmol) was dissolved in water (15 ml, pH 1/5/6/7/12), to which a 

solution of taurine (1.07 g, 8.5 mmol) dissolved in water (15 ml, pH 1/5/6/7/12) was 

added dropwise. The reaction was then allowed to proceed overnight at room 

temperature or reflux, after which the water was removed from the solution by 

placing the solution in a vacuum oven at 60 °C overnight. After removal of the water 

a crystalline solid with a small amount of clear/colourless liquid (<1 ml) was 

present in the reaction vessel. 

1H NMR (400 MHz, D2O) δ (ppm): 4.70 (solvent), 3.82 (s, -CH2-), 3.19 (s, N(CH3)3). 
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Figure 38 – 1H NMR Spectra of the clear/colourless liquid present after attempted 

syntheses of [Bet][Tau] ionic liquid. 

4.2 – Evidence against validity of literature procedure 

Henderson Hasselbalch equations (Figure 39, Equations 1-5) for taurine and betaine 

reveal that at pH values of 1.5 or lower the taurine is present in its sulfonic acid state 

(Equation 1), while at pH values of 2.33 or lower the betaine is present in its 

carboxylic acid state (Equation 4), which are incapable of reacting via the 

mechanism suggested by Lu and co-workers (Figure 37).41 Similarly at pH values 

between 3 and 9 (Equations 2 and 5), both the taurine and betaine would be present 

as zwitterions, which are similarly incapable of reacting via this mechanism (Figure 

37).41 Finally at pH values above pH 9 (Equations 3 and 5) the taurine is present as a 

sulfonate (amine) and the betaine as a zwitterion, which are also incapable of 

reacting via the proposed mechanism (Figure 37).41 
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Figure 39 – Henderson Hasselbalch equations demonstrating the major forms of 

betaine and taurine at certain pH values and a table graphically representing their 

ability to form the [Bet][Tau] ionic liquid at particular pH ranges. 

These results from the Henderson Hasselbalch equations are corroborated from 

different studies focussing on betaine and taurine,95, 96 wherein Lambert and co-

workers state that at physiological pH values (i.e., pH 7.4, as defined in their work) 

taurine is present mainly as a zwitterion, with higher pH values resulting in greater 

anion (sulfonate/amine) concentration.96 Similarly, Rivoira and co-workers show that 

betaine is present as a cation at pH values lower than 2, and a zwitterion at pH values 

in the physiological range (i.e., pH 7.4).95 It is also interesting to note that Görbitz 

and co-workers have confirmed by X-ray diffraction crystallography that taurine 

exists naturally in its zwitterionic state,97 and not the non-ionic state required for the 
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reaction suggested by Lu and co-workers.41 Thus, it is evident that there is no pH 

range at which both taurine and betaine are in the correct forms to react with one 

another via the proposed,41, 98-102 nor any other mechanism. 

 

5 – Polystyrene and VDMA Nanogel 

5.1 – Polystyrene Macro-CTA Synthesis 

5.1.1 – Polystyrene Macro-CTA Synthesis and Discussion. 

Polystyrene was synthesized as a polystyrene macro chain transfer agent (PS-mCTA) 

via a simple, generic RAFT polymerisation reaction (Figure 40) using 2-cyano-2-

propylbenzodithioate (2C2PBD), styrene and AIBN as the RAFT CTA, monomer 

and radical initiator respectively. The target molecular weight (MW) for these 

syntheses was arbitrarily chosen to be 10,000 MW. The procedure yielding the 

desired product is detailed as follows: 

 

Figure 40 - Synthesis of 10,000 MW Polystyrene macro–chain transfer agent from 

styrene, 2-cyano-2-propylbenzodithioate (2C2PBD) and AIBN via RAFT 

polymerisation conducted under a nitrogen atmosphere at 65°C over 24 hours. 

Styrene (5g, 48 mmol), AIBN (0.0055 g, 0.033 mmol) and 2C2PBD (0.0343 g, 0.155 

mmol) were combined in a RBF and purged with nitrogen for 30 minutes before 

being submerged in an oil bath pre-heated to 65 °C for 24 hrs. After 24 hrs the 

reaction was halted by exposure to air while allowing the reaction to cool, and the 

PS-mCTA was then precipitated as a pink, powdery solid in 500 ml of cold pentane. 

The PS-mCTA was then isolated via vacuum filtration and washed with cold pentane 

(3 x 30 ml) and dried in a 60 °C vacuum oven overnight (yield = 40%, MW, SEC = 

10,700). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.18 (solvent), 7.15-6.25 (m, 150H, Ph-H in 

polymer), 2.00-1.00 (m, 11H, R3C-H and -CH2- of polymer chain), 0.83-0.80 (t, 3H, -

CH3). 

FTIR (ATR corrected, cm-1): 3000 (C-H stretching, aromatic), 2900 (C-H stretching 

of CH2’s), 1600 (C=C stretching, aromatic), 1500 (C=C stretching, aromatic), 1450 

(C=C stretching, aromatic), 750 (C-H stretching, aromatic), 700 (C-H stretching, 

aromatic). 
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Figure 41 - (A) 1H NMR spectra of the synthesised 10,700 MW polystyrene-mCTA. 

(B) ATR corrected FTIR spectra of the synthesised 10,700 MW polystyrene-mCTA. 

 

(A) 

(B) 
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As can be seen in the NMR spectrum (Figure 41A), most signals confirming the 

synthesis of the PS-mCTA were broad in nature, which is to be expected due to the 

high MW, repetitive structure of the material causing broad, multiple signals.98-102 

Specifically, though, the NMR signals at δ 7.15-6.25, 2.00-1.00 and 0.83-0.80 ppm 

corresponding to the Ph-H, R3C-H and -CH2-, and -CH3 in the polystyrene mCTA 

respectively, confirm the successful synthesis of the PS-mCTA.91, 94 This is also 

confirmed by signals in the IR spectrum (Figure 41B) at 3000, 2900, 1600, 1500, 

1450, 750 and 700 cm-1 corresponding to the C-H stretching (aromatic), C-H 

stretching of -CH2-, C=C stretching (aromatic), C=C stretching (aromatic), C=C 

stretching (aromatic), C-H stretching (aromatic) and C-H stretching (aromatic) in the 

polystyrene mCTA.91, 94 These values are corroborated by values found in the 

literature, confirming successful synthesis.94 

The above procedure was conducted at varying temperatures of 55, 60, 65, 70 and 

75 °C to determine the effect of temperature on the PS-mCTA produced. Initial 

experiments were performed over 8 hrs, but it was found that the MW of the PS-

mCTA produced, regardless of temperature, was lower than the target MW. For 

example, reactions conducted at 60 and 65 °C yielded products with SEC-measured 

Mns of ~4,800 and 5,450, dispersity’s of 1.06 and 1.04 and yields of 32 and 34 % 

respectively. To increase the MW of the product, all reactions were conducted again 

over a 24-hour period. Polymerisations performed at 60 and 65 °C yielded products 

with SEC-measured Mns of ~7,500 and 10,700, dispersity’s of 1.03 and 1.18 and 

yields of 37 and 40 % respectively. These results are summarised in Table 1, and an 

example SEC chromatogram of the 10,700 Mn PS-mCTA is shown in Figure 42. As 

seen in Table 1, all successfully synthesised polymers had low dispersity’s, as 

expected of RAFT polymerisation.98-102 

Table 2 - Summary of results from various syntheses of Polystyrene mCTA. 

  

Temperature (°C) Reaction Time (hrs) Mn Mw Disperisty (Mw/Mn) Yield (%)

60 8 4800 5080 1.06 32

65 8 5450 5650 1.04 34

60 24 7500 7700 1.03 37

65 24 10700 12600 1.18 40
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Figure 42 – Example chromatogram generated by SEC of ~10,700 Mn polystyrene 

mCTA synthesized as per the above procedure at 65oC over 24 hours. 

5.2 – VDMA Monomer Synthesis 

5.2.1 – VDMA Synthesis and Discussion. 

VDMA was synthesized according to a 2-step literature procedure by Prai-in and co-

workers.103 Slight variations were made to the procedure, in that the amount of BHT 

used was doubled for both steps, the purification procedures for the second step were 

changed and the second step was performed under nitrogen rather than argon. The 

overall procedure yields VDMA in a 39.05% overall yield, which differs from the 

literature by -4.15%,103 which is primarily due to the differences in purification of 

VDMA.103 The 2-step procedure for the synthesis of VDMA was thus as follows: 

 

Figure 43 - Synthesis of N-acryloyl-2-methylalanine (NA2M) from 2-methylalanine 

and acryloyl chloride with butylated hydroxytoluene (BHT) as a polymerisation 

inhibitor and aq. NaOH as the solvent. 
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(1) 2-Methylalanine (6 g, 58 mmol) and BHT (0.055 g, 0.25 mmol) were dissolved in 

aqueous NaOH (4.65 g, 116 mmol, in 15 ml of water) at 0 °C, to which acryloyl 

chloride (5.3 g/5.9 ml, 58 mmol) was added dropwise. The reaction was then 

allowed to proceed overnight, after which a white precipitate had formed. HCl (8 ml, 

conc. (32%), 72 mmol) was then added to the reaction at 0 °C and stirred for 30 min 

before isolating the white product via vacuum filtration, washing with water (3 x 30 

ml) and drying in a 60 °C vacuum oven overnight to yield a white powder (yield = 

71%). 

1H NMR (400 MHz, d6-DMSO) δ (ppm):1.37 (s, 6H, (C(CH3)2)), 2.51 (Solvent), 3.34 

(H2O impurity), 5.55-5.59 (dd, 1H, CH2=CH), 6.03-6.08 (dd, 1H, CH2=CH), 6.23-

6.29 (dd, 1H, CH2=CH), 8.25 (s, 1H, NH), 12.20 (s, 1H, COOH). 

FTIR (ATR Corrected, cm-1): ~3300 (N-H Stretching), ~1700 (C=O of COOH), 

~1650 (C=O of amide), 1600 (C=C stretching), 1550 (N-H bending). 
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Figure 44 - (A) 1H NMR spectra of the synthesised NA2M. (B) ATR Corrected FTIR 

spectra of the synthesised NA2M. 

 

 

(A) 

(B) 
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As stated above, the NA2M product was synthesised with a yield of 71%, falling 

within the expected yield range of 69-72% from the literature.103 As can be seen 

from the NMR spectrum (Figure 44A), there were slight H2O contaminations at 

3.34ppm, partially due to using water as a solvent and in the washing procedures, as 

well as the difficulties related to drying DMSO solvents. Also present were some 

slight impurities at 5.75 and 5.85-5.9. Despite this the NMR signals at 1.37, 5.55-

5.59, 6.03-6.08, 6.23-6.29, 8.25 and 12.20 ppm corresponding to -C(CH3)2, -

CH2=CH, -CH2=CH, -CH2=CH, -NH and -COOH in the NA2M respectively 

indicate the successful synthesis of NA2M.103 Similarly, IR spectroscopic signals 

(Figure 44B) at ~3300, 1700, 1650, 1600 and 1550 cm-1 corresponding to the N-H 

stretching, C=O (of COOH), C=O (of amide), C=C stretching and N-H bending 

indicate successful synthesis as well.103 Both the NMR and IR spectroscopy results 

corroborate to those found in the literature procedure, confirming NA2M was 

successfully synthesized in good yield.103 

 

Figure 45 - Synthesis of 2-vinyl-4,4-dimethylazlactone (VDMA) from N-acryloyl-2-

methylalanine (NA2M) using N,N'-dicyclohexylcarbodiimide (DCC) as a coupling 

agent. 

(2) NA2M (5 g, 31.8 mmol) and BHT (0.11g, 0.5 mmol) were dissolved in DCM (30 

ml) and mixed at 0 °C under nitrogen to form a “colloidal dispersion”, to which a 

solution of DCC (7.2 g, 34.9 mmol) in DCM (40 ml) was added. The reaction was 

then left to proceed overnight at 0 °C, after which a white solid was present. The 

mixture was then filtered using syringe micro-filters before being passed through a 

basic alumina column. Following this, the solvent was removed under vacuum from 

the clear/colourless solution yielding a cloudy white mixture. This mixture was then 

filtered again using micro-filters to yield a clear colourless liquid (yield = 55%). 

1H NMR (400 MHz, CDCl3) δ (ppm): 1.36 (s, 6H, (C(CH3)2)), 5.24 (Solvent), 5.85-

5.88 (dd, 1H, CH2=CH), 6.12-6.17 (dd, 1H, CH2=CH), 6.19-6.26 (dd, 1H, 

CH2=CH). 
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FTIR (ATR corrected, cm-1): ~2900 (C-H stretching), ~2850 (C-H), ~2100 (C=N), 

~1800 (C=O stretching), ~1650 (C=N stretching), ~1200 (C-O-C stretching). 

 

Figure 46 - (A) 1H NMR spectra of the synthesised VDMA. (B) ATR Corrected FTIR 

spectra of the synthesised VDMA. 

 

(A) 

(B) 
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As stated above, the VDMA product was synthesized with a yield of 55%, differing 

from the literature by -6%.103 This is likely due to differences in the procedures used, 

but most specifically due to the basic-alumina column and syringe filter purification 

rather than the vacuum distillation performed in the literature.103 Regardless, peaks 

in the NMR spectrum (Figure 46A) present at 1.36, 5.85-5.88, 6.12-6.17 and 6.19-

6.26 ppm corresponding to the C(CH3)2, CH2=CH, CH2=CH and CH2=CH in the 

VDMA respectively indicate successful synthesis of VDMA.103 Signals in the IR 

spectrum (Figure 46B) at ~2900, 2850, 1800, 1650 and 1200 cm-1 corresponding to 

the C-H stretching, C-H, C=O stretching, C=N stretching and C-O-C stretching 

respectively also indicate successful synthesis.103 The NMR and IR spectroscopy 

results mostly match those from the literature, confirming VDMA was successfully 

synthesized, with the exception of the C=N vibration present in the IR spectrum at 

~2100 cm-1, which is not present in the literature.103 The reason for this is unknown. 

5.3 – Copolymer and Nanogel Formation 

Due to time constraints, no experiments were conducted for the formation of 

copolymers of PS and VDMA, nor were any experiments conducted for nanogel 

formation. Since the nanogel was not synthesized, this similarly means that no CO2 

uptake experiments were conducted. However, the above sections should form the 

basis of possible future work. 

 

6 – Conclusions 

6.1 – New HCPs Conclusions 

As demonstrated by the IR spectra, swelling and CO2 capture results, the procedure 

used for synthesis of low stoichiometric ratio HCP is a viable method of obtaining 

acceptable CO2 absorbent materials. These results also demonstrate the viability of 

synthesis of HCPs using several previously (to my knowledge) unused crosslinkers, 

such as the DCB, DCCMP and DCH. Perhaps most beneficial is the demonstration 

of viable HCP synthesis via methods wherein the crosslinking agent is not the 

solvent, which will greatly assist in syntheses of HCPs where the cost of the 

crosslinking agent is an issue and thus cannot be used in excess as in traditional 

methods.50, 51 Also demonstrated was the unviability of the alternative mechanism,83-

88 which is likely not able to be improved upon. 
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Future research should focus on increasing the WEPS:CL ratio used in the detailed 

syntheses so that HCPs with higher crosslinking densities similar to the earlier 

work’s HCP14 may be produced using the crosslinkers featured in this thesis. Other 

crosslinkers could also be investigated using this method as well. These changes 

could, potentially, result in HCP materials with greater BET surface area, swelling 

and CO2 capture capabilities than even the earlier work’s HCP. The investigation of 

higher resolution IR and solid-state 13C NMR spectroscopic techniques to more 

absolutely determine the degrees of crosslinking may also be beneficial for 

determining optimal synthesis conditions, such as optimal crosslinker and WEPS:CL 

ratios, in order to produce HCP systems with the greatest BET surface area, swelling 

and CO2 uptakes. Finally, future research should investigate the viability of further 

cross linking an already crosslinked material such as the Purolite HCPs. This may 

prove as a viable way to produce HCP at lower cost, as lowly crosslinked HCPs 

synthesised from different, cheaper procedures (such as the Purolite HCPs) could be 

produced or bought and then simply further crosslinked until effective for swelling 

and CO2 capture. 

This thesis also demonstrated the potential viability of 100 wt % amine blend 

systems, with all blends featured in section 3.1.4 either outperforming or achieving 

CO2 uptakes close to their aqueous counterparts discussed in section 1.2.1,20-22 and 

their 100 wt % tertiary amine counterparts from the earlier work.14 Unfortunately, 

however it was also demonstrated that the presence of the tertiary amines within the 

blends did not have a significant impact on the recyclability nor the iron catalysed 

degradation of the amines as previously discussed.76, 77 

HCP/amine and HCP/amine blend systems could be improved in a variety of ways. 

Future research may find benefit in investigating the use of different amines18, 104 

with the HCP, particularly sterically hindered amines which demonstrate increased 

recyclability.104 Additionally, changing the amine concentration or composition 

within the blends could also be investigated as this may affect recyclability and CO2 

uptake.105-109 Amine-ionic liquid blends could also be investigated, but as discussed 

in section 1.2.3 this would come with other immediate issues related to 

recyclability.40 Future studies would likely, however, see the greatest benefits from 

either investigating other sorbent liquids such as ionic liquids26-32, 110-114 (particularly 

hydrophobic ionic liquids, discussed below), PEI and TEPA,67-69 or by investigating 
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the addition of chelating agents to the amines/amine blends prior to swelling, which 

would chelate with the residual iron in the HCP and thus prevent the iron catalysed 

degradation of the amines observed thus far, drastically increasing recyclability.77 

6.2 – [Bet][Tau] Ionic Liquid Conclusions 

We believe the evidence presented in this thesis clearly demonstrates that the 

proposed synthesis from the literature procedure41 is not valid. Rather than focussing 

on other methods to synthesise [Bet][Tau], future research should instead investigate 

other ionic liquids which could be combined with HCP for CO2 capture applications 

instead, such as the imidazolium based ionic liquids [bmim][Tf2N] and [bmim][PF6] 

as discussed in section 1.2.2.27, 28 Hydrophobic ionic liquids such as [bmim][Tf2N] 

should be especially investigated as their hydrophobicity may help to overcome the 

water-based recyclability and stability issues of ionic liquids discussed in section 

1.2.2.110 The hydrophobic imidazolium based 1-butyl-3-methylimidazolium 

hexafluoroacetylacetonate [bmim][hfac] also has the ability to coordinate metals due 

to the hexafluoroacetylacetonate [hfac] anion, and thus could also be combined with 

HCP both by itself and in blends with amines to achieve a similar effect to chelating 

agents.111 Other amino acid based hydrophobic ionic liquids should also be 

investigated, such as 1-ethyl-3-methylimidazolium lysinate [emim][Lys] and 1-ethyl-

3-methylimidazolium glycinate [emim][Gly], as described by Ohno and co-

workers,113 as their wide availability and generally cheap/easy syntheses are of 

particular benefit to CO2 capture applications. 

6.3 – RAFT Nanogel Conclusions 

It is evident from the yield and spectral analyses that the method used in section 

3.1.1 is suitable for small scale syntheses of the polystyrene m-CTA. This is not a 

novel concept, as RAFT homopolymerisation of styrene is a fairly generic 

procedure,94, 98, 115 and has been reported elsewhere in the literature on a larger scale 

by Lowe and co-workers.115 This procedure is likely unsuitable for larger scale 

syntheses, as Lowe and co-workers performed a synthesis similar to the one 

performed in this work at a 30 g scale but at 110 oC.115 It is also worth noting that 

despite the low dispersity, since no solvent was used in this work there is an 

increased chance of self-coupling termination reactions, which may make the 

procedure used in this work undesirable when self-coupling is to be avoided.98  
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Future research should employ a similar synthesis to that used by Lowe and co-

workers,115 as a larger scale reaction (and thus larger, by mass, yields) is simply 

more convenient. Other RAFT agents may also be explored, such as 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid and 4-cyano-4-

((dodecylsulfanylthiocarbonyl)sulfanyl)pentanoic acid as used by Ratvijitvech and 

co-workers in their study on RAFT prepared HCPs,94 though this may affect the 

ability to form copolymers with VDMA.103, 116, 117 Usage of a solvent, such as THF, 

may also be employed to reduce self-coupling, but for this particular procedure 

wherein the polymer is to be crosslinked anyways this is likely unnecessary.  

Despite having slightly lower yields compared to the adapted literature procedure, 

the procedure used to synthesis VDMA in section 3.2.1 displays obvious viability as 

a simpler method for this synthesis due to the use of a basic alumina column over a 

vacuum distillation.103, 116, 117 This difference in yield can likely be overcome by 

simply adjusting the alumina column size, and thus only further demonstrates the 

viability of this simpler procedure. The synthesis performed in this thesis becomes 

increasingly attractive when compared to other literature syntheses of VDMA, such 

as Levere et al.117 and Duong et al.’s116 syntheses that only yielded VDMA in a 29.4 % 

overall yield, with considerably more difficult syntheses.116, 117 

Future research should look to scale up the procedure featured in this synthesis, as 

despite its good % yield and simplicity, the actual mass of VDMA yielded is still 

quite low. It is unlikely that step 1 of the procedure can be improved upon, having 

already simple steps and a very high yield, and thus future research should 

investigate improving step 2 of the synthesis. This could be done by through the 

usage of different coupling reagents over DCC, as this may positively affect yield 

thus making for a more efficient synthesis, especially when scaled up. Alternatively, 

VDMA could be synthesised using or adapting the original synthesis developed by 

3M, wherein VDMA is synthesised from NA2M using ethyl chloroformate as a 

dehydrating agent, with reported yields of up to 80%.118 

Nanogel formation could be completed by first completing the copolymerisation of 

PS and pVDMA, which can simply be done via generic RAFT polymerisation 

techniques. Next, micelle formation should be accomplished by using cyclohexane 

as a solvent for the PS-b-PVDMA copolymer, and hexane as a solvent for the 
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PVDMA-b-PS copolymer, as suggested by Pascual et al.119 and Tully et al.120 

respectively. Finally crosslinking should be performed such that the hyper 

crosslinking is performed first so that the basic crosslinks formed by VDMA 

crosslinking do not inhibit the FCA reaction required for hyper crosslinking. It thus 

follows that VDMA crosslinking be performed by simply immersing the hyper-

crosslinked nanogel in TEPA, allowing crosslinks to form via amminolysis. 

Successful nanogel formation could then be confirmed by dynamic light scattering 

and CO2 capture tests, and the nanogels could be furthermore combined with sorbent 

liquids or a solvent (e.g. water or ethylene glycol) to potentially improve CO2 uptake. 

Future research could also explore the use of easier/cheaper to synthesise monomers 

instead of VDMA, such as the p(tBA) as used in the literature source that inspired 

this work.52 Direct functionalisation of the HCP rather than indirect functionalisation 

could also be investigated. Li and co-workers, for example, employ a methodology 

in which the phenyl rings of the HCP are first hydroxylated, activating the phenyl 

rings and allowing for hyper crosslinking to be performed as normal despite the 

presence of the -OH groups.54 These -OH groups are also, theoretically, capable of 

CO2 capture (discussed section 1.2.3),37-39 and thus may provide a promising 

material for CO2 capture. Liao and co-workers also demonstrate the ability to 

directly ionically functionalise HCP (discussed section 1.3.2),53 which may hold 

promise for CO2 capture depending on the counterions used for the synthesis. 

6.4 – Overall Conclusions 

From the data presented in this thesis it is clear that swollen HCP systems provide 

facile platforms to produce effective CO2 capture materials, with even small changes 

to crosslinking density, crosslinking agent and sorbent liquid affecting the CO2 

uptake of the resulting materials. In particular the results generated in section 2 and 

section 5, as well as the suggestions for improvement given above, provide solid 

foundations for future research looking to improve upon the HCP systems featured 

in this thesis, whether by optimisation of crosslinking structure, changing of the 

sorbent liquid or functionalisation of the HCP via copolymerisation with VDMA. 

Expanding further, given their flexible, facile nature, with the correct optimisation or 

functionalisation these HCP systems may find use in other fields such as hydrogen 

sulphide capture121 and hydrogen storage122 and should be investigated for such 

applications in future research as well. 
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7 - Glossary 

 

[Bet][Tau] [Betaine][taurine] ionic liquid

[BF4] Tetrafluoroborate

[bmim] 1-butyl-3-methylimidazolium

[C2-mim] 1-ethyl-3-methylimidazolium

[C8-mim] 1-octyl-3-methylimidazolium

[emim] Also 1-ethyl-3-methylimidazolium 

[EtSO4] Ethyl sulfate

[hfac] Hexafluoroacetylacetonate

[PF6] Hexafluorophosphate

[Tf2N] Bis(trifluoromethylsulfonyl)imide

2C2PBD 2-cyano-2-propylbenzodithioate

2MA 2-methylalanine

AIBN Azobisisobutyronitrile 

AIH Amine infused hydrogel

BET Brunauer–Emmett–Teller 

BHT Butylated hydroxytoluene

CF Chloroform

CL Crosslinker

DAC Direct air capture

DCB Dichlorobutane

DCC N,N'-dicyclohexylcarbodiimide 

DCCMP 1,3-dichloro-2-(chloromethyl)-2-methylpropane 

DCE Dichloroethane

DCH Dichlorohexane

DCM Dichloromethane

DEA Diethanolamine

EG Ethylene glycol

EW Earlier work

FCA Friedel-Crafts alkylation

HCP Hyper crosslinked polystyrene

LysK Potassium lysinate

MDEA Methyldiethanolamine

MEA Monoethanolamine

MetK Potassium 2-methylalinate

Mn Number average molecular weight

MOF Metal organic framework

Mw Weight average molecular weight

NA2M N-acryloyl-2-methylalanine 

p(tBA) Poly(tert -butyl acrylate)

PAM Polyacrylamide

PE 2-piperidineethanol

PEI Polyethyleneimine

PHEAA Poly((N -2-hydroxyethyl) acrylamide)

POPs Porous organic polymers

PS Polystyrene

PS-mCTA Polystyrene macro chain transfer agent

RAFT Reversible addition-fragmentation chain transfer

SarK Potassium sarcosinate

SEC Size exclusion chromatrography

TEA Triethanolamine

TEPA Tetraethylenepentamine

TrzPOP Triazine porous organic polymer

VDMA 2-vinyl-4,4-dimethylazlactone

WEPS Waste expanded polystyrene
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