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Abstract 

Ionic liquids (ILs) are a group of ionic compounds that are typically comprised of an 

inorganic anion and an organic cation that is substituted with an N-alkyl chain. The 

physicochemical properties of ILs can be readily controlled through different combinations of 

cations and anions, which have allowed for the development of task specific ILs with a wide 

variety of applications. ILs were once touted as environmentally friendly and safe alternatives 

to organic solvents, however recent research has shown that ILs are toxic towards a variety of 

organisms such as microbes, plants, aquatic life, and mammalian cells. The understanding of 

the cellular mechanisms and structural features of ILs that promote cytotoxicity is incomplete, 

and this may limit the wide scale adoption of ILs. Thus, the aims of this thesis were to provide 

new insights into the mechanism by which ILs induce toxicity and the structure-activity 

relationship (SAR) governing IL cytotoxicity. 

 

The first stage of this thesis investigated the cytotoxic mechanism of ILs. Current 

evidence suggests that ILs kill cells by disrupting cellular membranes and/or inducing 

mitochondrial dysfunction. ILs share structural features with lipophilic cations such as 

triphenylphosphonium salts, which are known to accumulate in mitochondria in response to 

the membrane potential across the inner mitochondrial membrane (IMM). Therefore, it was 

hypothesised that ILs exert their cytotoxic effects by disrupting the IMM, the integrity of which 

is critical to several important cellular processes. To investigate this, a library of ILs bearing 

aromatic or aliphatic cationic headgroups substituted with butyl or decyl chain were prepared 

and their effects on HeLa cell viability and mitochondrial function were assessed. 

Mitochondrial accumulation was established using fluorescence microscopy, where a 

quinolinium-based IL was shown to rapidly partition to mitochondria of HeLa cells. It was 

found that IL cytotoxicity correlated to their capacity to disrupt lipid bilayers, and that ILs 
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produce a range of cellular effects consistent with permeabilisation of the IMM. ILs depolarise 

the IMM, inhibit oxidative phosphorylation and ATP synthesis, and induce ROS formation at 

cytotoxic concentrations. These effects were only induced by ILs with aromatic cations 

substituted with long (decyl) alkyl chains, as these features promote accumulation in, and 

permeabilisation of, the IMM. These mechanistic insights help explain the structure-activity 

relationship governing IL cytotoxicity and may be used to rationally design either safe or 

cytotoxic ILs. 

 

The second stage of this thesis sought to expand the SAR governing IL cytotoxicity by 

assessing the impacts of headgroup substitution. To achieve this a series of quinolinium-based 

ILs (29-32) were synthesised with various substituents at the C-3 position of the headgroup.  

The substituted ILs killed HeLa cells with similar potency to their unsubstituted counterpart, 

which suggests that substitution on the quinolinium headgroup does not significantly affect 

cytotoxicity. The diversity of the quinolinium IL library was limited by commercial availability 

of appropriate quinolines, so a second series of substituted ILs were prepared with pyridyl-

headgroups (35-44). From this series it was shown that while substituent lipophilicity and 

electronic properties had minimal effect on cytotoxicity, the capacity of the substituent to act 

as a hydrogen bond donor did. Thus, ILs substituted with hydroxyl or primary amide 

substituents were 2-3 fold less cytotoxic than those bearing other substituents. A preliminary 

investigation aimed at understanding the role of hydrogen bond donating substituents in 

governing cytotoxicity was conducted. It was shown that the presence of hydrogen bond 

donating groups decreased the capacity of the ILs to permeabilise lipid bilayers. Further studies 

are required to understand the hydrogen bonding that occurs between these ILs and membrane 

phospholipids, and what impact this has on the mitochondrial actions of substituted ILs. 
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([CH3CH2NH3]+ [NO3]−) with a melting point of 12 °C. 2-4 Recently, ILs have gained significant 

attention in the scientific community as the diverse combination of ILs cations and anions 

allows access to a vast range of possible structures with a tunable nature. This allows the 

physicochemical properties of ILs to be readily controlled for the development of task-specific 

ILs with a wide range of potential applications as 5solvents and catalysts in areas such as food 

processing, battery and energy research, and pharmaceutics.6-10 ILs also posess favourable 

pharmacological characteristics such as aqueous solubility and membrane premeabilty that 

makes them suitable for  applications in biological systems.11 

 

1.2 Applications of ILs  

Following on from their discovery, ILs were initially considered environmentally 

friendly and safe alternatives to conventional organic solvents due to their high thermal stability 

and low flammability owing to their negligible vapour pressure.4,12-14 These properties can 

increase their safety and potential  use in high temperature processes, which  has led many 

investigators to explore their use in a variety of applications, which will be discussed in the 

following section. More recently concerns have arisen regarding IL toxicity towards a variety 

of organisms, and these concerns may hinder the widespread adoption of ILs.1,11,15-17 

Regardless, ILs show promise in many areas and as their applications are explored further 

research is required to develop safe ILs for their commercial use. 

 

1.2.1 IL use in electrochemical applications  

ILs have gained interest in electrochemical applications such as catalysts and solvents 

due to their low volatility and ionic conductivity. These desired properties initiated the use of 

ILs as electrolytes in energy storage devices such as batteries, sensors, solar cells and fuel 

cells.18-20 Compared to common electrolyte systems, IL-based devices have a lower risk of 
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leakage and explosion, which allows energy storage devices to have improved conductivity 

and performance.18 Hence the uses of ILs in electrochemical applications are focused on the 

development of safer energy storage devices. 

 

ILs properties have contributed to their potential use as electrolytes in the development 

of safer and more efficient batteries.20-23 Several types of batteries including lithium-ion, 

lithium metal, aluminium and redox flow batteries have been undergoing research to improve 

their efficiency and performance. Lithium metal battery peformance has been improved by 

incorporation of modifed ILs that contain inorganic polymer electrolytes, which modification 

has led to improved safety and stability of the batteries.24,25 For example, Li et al. introduced 

N-methyl-N-propyl-pyrrolidinium bis(fluorosulfonyl)imide (Pyr13FSI) into a hybrid network 

to obtain a series of gel polymer electrolytes (GPEs). The electrochemical properties of GPEs 

were altered by controlling the network structure and IL, which led to significant improvement 

in electrochemical and thermal stability.20,26 A study by Angell et al. demonstrated the use of 

N-methyl urea and N-ethyl urea mixed with aluminium chloride (AlCl3) as a low-cost 

electrolyte for use in aluminium batteries.27 These electrolytes were shown to have significantly 

lower viscosities and the associated batteries had higher intrinsic discharge voltages, providing 

battereis with excellent performance and efficincy. 

 

ILs have also been utilised in various types of electrochemical sensing devices such as 

humidity sensors, gas sensors and chemical sensors.20,28,29 For example, Zhao et al. synthesised 

hydrophobic ILs in polymer composites which were composed of 1-ethyl-3-

methylimidazolium bis(trifluo- romethylsulfonyl) imide ([EMI][TFSI]) and poly(vinylidene 

fluorideco-hexafluoropropylene) (PVDF-HFP). These composites demonstrated a highly 

sensitive and ultrafast linear response to humanity which has led to their use as humidity 
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sensors.30 The use of ILs in other gas sensers have recently been investigated. A study by Yu 

et al.  reported the synthesis of a metal oxide with reduced graphene oxide (NiCo2O4/rGO) 

combined with 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) to form a 

composite material NiCo2O4/rGO/[BMIM][PF6]. When employed as an oxygen sensor, 

electrochemical tests showed that the composite material exhibit response current, long-term 

stability in an oxygen-rich environment and significantly enhanced electrochemical oxygen 

sensing performance..31 Additionally, D’Anna et al. demonstrated the interactions between ILs 

and tungsten trioxide (WO3) could be used as the basis for producing pollutant gas sensor and 

for the removal of sulfur from crude fossile fuels. This was achieved as ILs are able to disperse 

WO3 in composites consequently enhancing the contact surface and the catalytic ability of the 

metal oxide.32 

 

1.2.2 ILs use as solvents  

The ability of ILs to remain in a liquid state over a wide temperature range has led to 

their use as solvents in various fields such as organic and nanoparticle synthesis and in 

extraction processes with industrial significance.20,33-35 ILs are being used as alternative 

solvents in organic and enzymatic reactions as they facilitate the purification and isolation of 

reaction products, which lowers their environmental impact compared to conventional 

solvents.20,36,37 Additionally their ease of recovery by distillation or extraction for further use 

contributes to reduced costs and enhances their utilisation in various industrial processes.38,39 

ILs have been explored to improve extraction and separation processes for biomass and 

flavonoids, dissolution of wood and water treatment to aid in the removal of water pollutants.20 

Biomass extraction has recently been utilised for clean and renewable energy sources. For 

example, Tan et al. utlised ILs as solvents for the extraction of high-value bio-compounds such 

as lipids, proteins, and carbohydrates from microalgae biomass for their potential use in large-
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scale production of biofuels, food additives, and nutritive supplements.40 In addition, 

Rodrigues et al. used ultrasonic treatment of 25kHz on Spirulina platensis suspended in a 

mixture of the ILs 2-hydroxyethylammonium acetate and 2-hydroxyethylammonium formate 

in a 1:1 ratio. The ILs mixture solution demonstrated a higher extraction efficiency of 

phycocyanin, allophycocyanin, and phycoerythrin compared to the conventionally used 

sodium phosphate buffer and 1-butyl-3-methylimidazolium chloride.41 ILs have also been 

utilised as solvents for the extraction of flavonoids, which are a class of naturally occurring 

polyphenolic compounds that possess several benefitcial properties such as anticancer, anti-

inflammatory, antioxidant and antibacterial activity.20 For example, Rahmi et al. used 

imidazolium based ILs as solvents to improve the extraction of quercetin (a flavonoid) from 

Nothopanax scutellarium leaves.42 The use of ILs as solvents in these processes are favoured 

compared to conventional solvents as they have lower environmental impacts, however due to 

their amphiphilic nature ILs are more water soluble than conventional solvents, and although 

this can be advantageous in certain applications it may also lead to the accumulation of ILs in 

the environment through wastewater.43 Given their potential cytotoxicity (see Section 1.3), this 

may pose a risk to the environment.  

 

1.2.3 ILs in the pharmaceutical industry 

 ILs have favourable pharmacological properties such as aqueous solubility due to their 

ionic nature and lipophilicity depending on their structure and the combination of headgroup 

and anion used. This provides ILs the ability to diffuse through cellular membranes and be 

readily absorbed into the gastrointestinal tract. These properties have allowed for their potential 

development in pharmaceutical and medical applications.44-46  
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One promoising application of ILs is to improve the aquenous soltubilty and oral  

bioavailability of drugs with difficult physicocohemcial properties. This is achieved by forming 

ILs with active pharmaceutical ingredients (APIs).47-49 For example, nalidixic acid, a relatively 

water insoluble quinolone was incorporataed into a cholinium-based IL. The resulting IL, 

cholinium nalidixate, was 5000 times more water soluble than the parent API, nalidixic acid.50 

Similarly, the aqueous solubility of pure salicylic acid was significantly increased when 

coupled with 1-alkyl-3-methylimidazolium.51 These studies show that incorporation of APIs 

into ILs can be used to improve drug efficacy by increasing their solubility in aqueous media, 

which overcomes an important problem in the pharmaceutical industry.  

 

Additionally, ILs have been utilised for better drug delivery and permeability. For 

example, Moshikur et al. synthesised fatty acid based amino acid ILs (FAAAE-ILs) and their 

use in transdermal drug delivery of ibuprofen was investigated. FAAAE-ILs were found to 

provide excellent ibuprofen solubility and were also more effective in enhancing the 

permeability of drugs.52 The same group also developed an IL based API using N-methyl-2-

pyrrolidone (NMP) for effective topical drug delivery. They found the NMP cation presented 

lower toxicity when compared to conventional IL cations and when ILs were coupled with the 

NMP cation they exhibited better physico-thermal stability and enhanced skin penetration 

comapred to conventional IL. Lastly, they demonstrated ILs coupled with NMP presented 

higher drug accumulation when compared to Cho-IL in target tissue.53  

 

1.2.4 ILs as anticancer agents 

Cancer is a disease in which there is an abnormal uncontrolled growth of cells which 

can form a mass called a tumor. Growth of the primary tumor, or its spread to other regions of 

the body, can lead to organ damage and eventually death. According to the World Health 



9 
 

Organization (WHO), cancer is a leading cause of death worldwide with nearly 10 million 

deaths in 2020 and is a prominent cause of economic expenditure (Table 1).54 The most 

common forms of cancer in men include lung, prostate, stomach and liver cancer, whilst breast, 

lung, and cervical cancer are the most common amongst women. Since cancer involves the 

uncontrolled proliferation of cancer cells, treatments are aimed at killing cancer cells using 

cytotoxic chemotherapeutic agents. These drugs have significantly reduced the mortality of 

cancer, however issues regarding their efficacy and their capacity to produce severe side effects 

mean that there is still a need for the development of selective chemotherapy drugs with a new 

mechanism of action. 

 

Table 1 Most common forms of cancer and number of deaths in 2020. 

Cancer type Number of deaths 

Lung 1, 800, 000 

Breast 685, 000 

Colon and rectum 916, 000 

Liver 830, 000 

Stomach 769, 000 

 

Given that ILs have the correct balance of lipophilicity and polarity required of 

pharmaceutical agents as well as a capacity to incduce cell death, they have the potentialto be 

developed into novel anticancer agents. Recent research has shown ILs are cytotoxic and lead 

to the reduction of cell viability in a range of cancer cell lines, including breast (MCF-7, MDA-

MB-231), cervical (HeLa), leukemia (IPC-81) and colon cancer (HT-29 and CaCo-2),16,55-58 

and that ILs may be suitable replacements for current chemotherapeutic drugs.11,59-61 For 

example, Zhong-bo et al. found the C12 guanidinium-based ILs (GIL12) to be approximatly 
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10-fold more potent than Mitomycin C (a chemotherapy drug) when tested in HeLa299 cells.62 

ILs tested in various cancer cell lines and their half maximal effective concentration (EC50), 

which is a measure of the concentration of a drug required to induce a biological response 

halfway between the baseline and the maximum, values are summarised in Table 2. Commonly 

IL cytotoxicity is reported with either EC50 or IC50 values (half-maximal inhibitory 

concentration). 

Table 2 IC50 or EC50 concentrations of ILs tested as anticancer agents in human cancer cell 

lines. 

IL Cell line EC50 (mM) IC50 (mM) Ref 

[C4MIM] [Br] HeLa 2.75  - 17 

[C4MIM][PF4] HeLa 11.2  - 15 

[C4MIM][Cl] B-13 - 1.5 63 

[C8MIM] [Br] HeLa 0.30  - 17 

[C8MIM] [Br] HepG2 - 0.440 59 

[C8MIM] [PF6] CaCo-2 - 0.003 64 

[C10MIM][Cl] IPC-81 0.00134  - 55 

[C4Py] [Br] HeLa 3.19  - 17 

[C4Py][Tf2N] HeLa 1.67  - 17 

[C8Py] [Br] HeLa 0.28  - 17 

[C4Pip] [Br] MCF-7 - 14 57 

[C8Pip] [Br] MCF-7 - 0.54 57 

[C4TMA] [Br] HeLa 8.00  - 17 

[C8TMA] [Br] HeLa 0.33  - 17 
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Imidazolium-based ILs are the most commonly explored class of ILs as anticancer 

agents, which are nitrogen-rich heterocyclic compounds with favourable properties.65 

Imidazolium-based ILs [C4MIM][Br] and [C12MIM][Br] have been reported to decrease the 

cell viability in PC12 cells, with EC50 concentartions of > 10 mM to 24 μM, respectively.66  

It is important to compare the toxic effects of ILs towards cancerous cells and non-

cancerous cells to understand their potential as anticancer agents. A study by Kaushik et al. 

showed ILs [C1MIM][Cl], [C4MIM][Cl] and triethylammonium sulfate were more toxic 

towards T98G brain cancer cells when compared to non-cancerous human embryonic kidney 

(HEK) cells.11 These findings suggest ILs are potentially selective towards cancerous cells 

compared to normal cells which is important for potential anticancer drugs.   

 

1.3 IL Cytotoxicity 

ILs have been shown to be cytotoxic towards a wide range of organisms including fish 

(CCO, a channel catfish ovary cell line),15 insects,67 bacteria (Aliivibrio fischeri),68 plant cells 

(pine trees, eucalyptus and rice seedlings)69 and mammalian cells (HEK, embryonic kidney 

and HeLa, cervical cancer cells).16,17,70 For example, Huijun Liu et al. found the ILs 

[C8MIM][Cl], [C10MIM][Cl] and [C12MIM][Cl] inhibit the growth of rice seedings, where 

an increase in IL concentration decreased the stem and root size of the plant.69 Due to ILs high 

water solubility they have been identified as an emerging environmental problem due to their 

ease of penetration in waterways and particularly due to their cytotoxicity towards aquatic 

organisms. Several studies have been conducted to determine ILs cytotoxicity, for example 

imidazolium-based ILs were found to cause oxidative stress and inhibit growth in aquatic 

algae71-74 and terrestrial plants.75-77 Comparable results were obtained when plants were treated 

with ammonium based ILs.78,79 ILs have been observed to present high antimicrobial, 

antifungal and antibacterial cytotoxicity, due to their long alkyl chain being able to destabilise 



12 
 

the membrane by inserting into the lipid bilayer and causing structural damage.80-82 For 

example, when bacteria (Aliivibrio fischeri) was exposed to 1-butyl-4-methylpyridinium 

tetrafluoroborate [C4mpy][BF4], a high toxicity with an EC50= 45.3 mg·L-1 was observed.68  

 

1.4 IL cytotoxicity structure-activity relationships 

Numerous studies have revealed the structural features of ILs which promote 

cytotoxicity in one organism are also common to other organisms, hence an overall structure 

activity relationship (SAR) can be derived which describes the general cytotoxicity of ILs. This 

SAR will be detailed in the following section and supported by examples across different 

classes of organisms. It should be noted that the SAR information regarding IL cytotoxicity is 

limited by the low structural diversity of ILs assessed in toxicity studies. This shortfall will be 

investigated later in this thesis.  

 

1.4.1 N-alkyl chain length 

The length of the N-alkyl chain on the cation is a major determinant of cytotoxicity, 

with numerous studies showing IL cytotoxicity increases as the alkyl chain length 

increases.15,16,55,58,61,66,83-86 For example,  Malhotra et al. found that the in vitro cytotoxicity of 

imidazolium based ionic liquids against 60 human cancer cell lines was significantly enhanced 

where the alkyl chain length was increased to 12 or more carbons. This is exemplified by 1-

methy-3-dodecylimidazolium ([C12MIM][Cl]) which showed activity against all cancer cell 

lines tested with overall potency in terms of GI50 values ranging from 0.109 to 22.60 µM whilst 

1-methy-3-hexadecylimidazolium ([C16MIM][Cl]) had increased activity with GI50 values 

ranging from 0.092 to 2.10 µM. In contrast, when the alkyl chain lengths ranged between 4 to 

8 carbons, the compounds were considered inactive as they showed less than 60 % growth 

inhibition.61 This dependence on chain length was also observed in bacteria (Aliivibrio fischeri) 
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where a pyridinium-based ILs bearing a 2 carbon N-alkyl chain had an EC50 value of ~3400 

mg·L-1. When the chain length was increased to 4 carbons, this caused an increase in 

cytotoxicity as shown by a 6-fold decrease in the EC50 value to ~500 mg·L-1.87 There have also 

been reports on the influence of chain polarity on cytotoxicity by functionalising the N-alkyl 

chain with polar substituents such as hydroxyl or ether groups. For example, Frade et al. found 

that imidazolium based ILs with polar hydroxyl and ether groups in the alkyl chain were less 

cytotoxic towards CaCo-2 colon cancer cells .83  

 

1.4.2 Headgroup  

The nature of the IL headgroup appears to modulate IL cytotoxicity, although the effect 

headgroup structure has is lower in magnitude than that of the N-alkyl chain. Headgroup 

aromaticity promotes IL cytotoxicity, with several studies finding that  ILs containing aromatic 

headgroups were significantly more cytotoxic towards cancerous cells than aliphatic ILs.11,17,88 

For example, studies by Wang et al. and Kumar et al. showed imidazolium and pyridinium-

based ILs were more cytotoxic to HeLa and MCF-7 cells than aliphatic (pyrrolidinium, 

piperidinium, ammonium) ILs of equivalent N-alkyl chain length.17,57 Similar findings have 

been observed by Costa et al. in bacteria (Vibrio fischeri) where the aromatic imidazolium IL 

was more cytotoxic than the aliphatic IL choline acetate.68 Interestingly, headgroup aromaticity 

only appears to increase the cytotoxicity of ILs with longer (≥ C8) alkyl chains; in ILs with 

shorter chains aromaticity does not change activity.57 For example [C8Py][Br], an IL with an 

octyl-substituted pyridinium headgroup, decreased the viability of MCF-7 breast cancer cells 

with 25-fold greater potency than its piperidinium-based counterpart, while [C3Mim][NTf2] 

was equipotent to its pyrrolidinium counterpart.57 
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Several groups have suggested that headgroup aromaticity promotes cytotoxicity by 

increasing the hydrophobicity of the IL cation. Headgroup hydrophobicity is correlated with 

increased cytotoxicity as supported by studies by Kumar et al. which showed that when the 

aliphatic piperidinium based IL was changed to the more hydrophobic pyridinium headgroup 

caused a 25-fold increase in cytotoxicity.57 Importantly, hydrophobic substituent effects on the 

pyridinium headgroup were also assessed. Kumar et al. found the substitution of a methyl 

group on the para, ortho and meta positions on the pyridinium headgroup was equipotent when 

tested in MCF-7 cells. This suggests headgroup substitution has negligible effects on 

cytotoxicity.57 

 

1.4.3 Anion 

The effect of the anion on IL cytotoxicity is less clear, with some studies suggesting 

that the anion effects cytotoxicity and others indicating there to be negligible effect.15,89,90 In 

general it appears that the bis(trifluoromethane)sulfonimide (NTf2) anion has the greatest 

impact on IL toxicity. For example, Dzhemileva et al. found ILs with a NTf2 anion were more 

cytotoxic towards HEK293 and A549 cells than ILs with an acetate (OAc) anion. It should be 

noted however that the NTf2 anion is cytotoxic in its own right (MTT IC50 of LiNTf2 in HeLa 

cells = 4.24 μM), and that this may be causing the observed changes in IL cytotoxicity.17,70 

Additionally, a study by Kumar et al.57 studied the effect of ILs with various anions on MCF-

7 breast cancer cells. They found that small and hydrophilic anions such as bromide, 

hexafluoroarsenate and tetrafluoroborate had higher EC50 values compared to the bulky and 

hydrophobic anions tested including trifluoromethanesulfonate and 

bis(trifluoromethylsulfonyl)imide anions.65 There is some evidence that the influence of the 

anion on IL cytotoxicity is dependent on the nature of the cation, and that the anion does not 

affect the cytotoxicity of ILs with longer alkyl chains or aromatic cationic headgroups.57  
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Cellular membranes are biological barriers which separate the interior of the cell from 

extracellular environments. It is crucial for cellular membranes to maintain their integrity to 

allow for proper cell function and health,92  and alterations to the structural integrity of the cell 

membrane may lead to cell death.93 Numerous studies have shown that ILs effectively partition 

into lipid bilayers and disrupt membrane integrity.94-96 For example, Jing et al. found that 

increasing the N-alkyl chain of MIM based ILs (eg: [C12MIM][Cl] compared to [C4MIM][Cl]) 

were able to cause greater lipid bilayer disruption and swelling.97 Jing et al. suggested that IL 

cytotoxicity is governed by IL-induced perturbation of membrane structure and insertion of ILs 

in lipid bilayers, which resulst in membrane. MIM-based ILs were found to be able to insert 

into lipid bilayers at the lipid-water interface to cause membrane disruption due to the 

electrostatic attraction between the positive charge of the cationic headgroup and negatively 

charged regions of phospholipid headgroups. Once ILs lodge into a membrane, the headgroup 

remains at the lipid-water interface while the N-alkyl chain inserts into the hydrophobic core 

of the membrane. This causes membrane permeabilisation as it loses its structural 

integrity.94,98,99 Importantly, a trend between the hydrophobicity of ILs and their ability to 

disrupt cell membranes have been shown in several studies, where increasing the N-alkyl chain 

length leads to greater membrane disruption and cytotoxicity.16,55,58,85,96,98-100  

 

Supprting the conclusions gained from studies in model membranes, cell-based studies 

indicate that disruption of the plasma membrane may account for IL cytotoxicity. For example, 

Kumar et al. showed increasing the hydrophobicity of MIM based ILs by extending the N-alkyl 

chain length from C8 to C16 caused greater disruption to the membrane integrity of POPC 

bilayers and also led to increased permeabilisation, which was correlated with their cytotoxicity 

towards HeLa cells.94 Additionaly, the greatre hydrophobicity of aromatic ILs relative to 

aliphatic ILs allows for enhanced membrane insertion and could account for their greater 
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In addition to ATP production, mitochondria have many roles within the cell to 

maintain normal cell function such as thermal regulation, cell signalling pathways, apoptosis 

regulation, and reactive oxygen species (ROS) containment.109, 110 Mitochondria produce ATP 

via oxidative phosphorylation (OxPhos), a metabolic pathway that takes place in the inner 

mitochondrial membrane (IMM) and uses the energy released by nutrient oxidation to produce 

large amounts of cellular energy in the form of ATP. The OxPhos pathway is able to efficiently 

provide energy as one glucose molecule yields up to 36 molecules of ATP.110 OxPhos is driven 

by the movement of electrons through the electron transport chain (ETC), a series of protein 

complexes (Complexes I-IV) embedded in the IMM which shuttle electrons via sequential 

redox reactions, as shown in Figure 4. The high energy electron carriers NADH and FADH2 

donate electrons to the ETC at either Complex I or II, and are carried through to Complex IV 

where oxygen serves as the final electron acceptor to produce molecular water.111,112 The ETC 

uses energy derived from nutrient oxidation to pump protons from the matrix, across the IMM 

and into the intermembrane space. As the IMM is relatively impermeable an electrochemical 

proton gradient is established, referred to as the proton motive force (PMF). The PMF drives 

the flow of protons through the ATP synthase to re-enter the matrix, which catalyses the 

synthesis of ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi) (Figure 

4).111 In addition, mitochondria have other fundamental roles including the production of ROS 

as leakage of protons from the ETC can cause the reduction of molecular oxygen.110,113 

 



��

�������� ���������������������������������������������������������������������������������

���������������������������������

�������� �������� ����� ������ ���� ���� ��������������������� ������������������������ ����

������������������� ������� ������������������������������ �� ���������������������������

��������������� ����������� ������������������������ ����������������� ������������������������

����� ������������� ��������� ���� ��� ���� ���� ����������� ��� ���� ���� ���������� ������

�������������� �������� ����� ����� ��������� ����� ��� ���� ���������� ��� ���������� ���� ��

���������������������������������������������� ���������������������������������������������

����������������������������� ������������������� ��� ������ ����� ����������������������

�������������� ��������� ���������� ��� ����� ������� ����� ����� ��������� ��� ��������� ��� ����

�����������������������������������������������������������������������������������������������

������������������������������������������� ��� ������������������������ �������������������

��������������������������������������������������������������������������������������������

�������� ���� ����������� ���� ��� ������� �������������� ��������������� ��� ���� �� ���������

����������� ������������������������ �����������������������������������������������������



20 
 

HepG2 cells.114 IL-induced alterations in mitochondrial function have been linked to impact 

OxPhos and cause an overproduction of ROS. Recently Wright et al. proposed that Mim-based 

ILs can inhibit OxPhos, and that they can be reduced by the ETC to neutral radical species that 

undergo redox cycling to produce ROS, as well as induce apoptosis in isolated human 

hepatocytes and rat pancreatohepatic progenitor cells (B-13).63  

 

1.6 Delocalised lipophilic cations  

Delocalised lipophilic cations (DLCs) are cationic compounds that have their positive 

charge delocalised across extended aromatic π-systems.117 Some examples of DLCs are 

displayed in Figure 5. As aromatic ILs, such as MIM and Quin, also contain a positive charge 

which is delocalised across the headgroup via resonance stabilisation they can therefore be 

considered as DLCs. This observation is important when considering the mechanism of IL-

induced toxicity, as DLCs have well-characterised cellular actions and are known to 

accumulate in mitochondria.  
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Figure 5 Chemical structures of common DLCs including rhodamine-123 (stain for live cells 

and detects a mitochondrial potential), Mitotraker Red (mitochondrial stain used in 

fluorescence microscopy) and Mito-Q (clinically approved antioxidant which prevents 

oxidative damage to the mitochondria). 

 
Due to their lipohilic nature DLCs readily permeate through phospholipid bilayers and 

their positive charge attracts them to the negatively charges mitochndiral matrix. As a 

consequence, DLCs rapidly accumulate in mitochodnria when added to cells in vitro and in 

vivo. Key factors which influence the uptake of DLCs into mitochondria include their 

lipophilicity, size and the degree of positive charge delocalisation, thus affecting the 

electrostatic interaction with the negative ΔΨM.118  

 

1.6.1 Accumulation of DLCs within mitochondria  

 Mitochondrial accumulation of DLCs is driven by the electrostatic interactions between 

the positively charged ion and the ΔΨM.118-120 The accumulation of DLCs driven by the 

negative ΔΨM is described according to the Nernst equation: 



22 
 

E =
𝑅𝑇
𝑛𝐹 × 𝑙𝑛

𝑋!"
𝑋#$%

 

where 𝑅 is the universal gas constant (8.314 J mol-1 K-1), 𝑇 is the temperature in Kelvin, 𝑛 is 

the number of electrons, and 𝐹 is Faraday’s constant (9.649 x 10-4 C mol-1). The concentrations 

of the ion on both sides of the charged membrane are labelled as 𝑋!" and 𝑋#$%.  

 

The Nernst equation predicts a 10-fold accumulation per ~60 mV in ΔΨ.121 Therefore, 

there is a 100-1000 fold increase in the concentration of DLCs in the mitochondria compared 

to the extracellular medium.122 For example, MitoQ10 has been shown to accumulate 10-20 fold 

within the cell driven by the ΔΨp and then further accumulates ~150-200 fold within 

mitochondria driven by the ΔΨM.123 

 

1.6.2 DLCs as mitochondrial targeting agents  

DLCs readily pass through cellular membranes, such as the plasma membrane and the 

IMM.117,124,125 As mentioned in Section 1.6.1 DLCs are extensively taken up by mitochondria 

and are therefore widely used in mitochondrial research.114,126,127 DLCs are therefore used as 

selective mitochondria stains for microscopy (eg MitoTracker dyes) and to selectively deliver 

drugs to the mitochondria.119 Conjugation of mitochondrially-targeted anticancer agents to 

triphenylphosphonium (TPP) cations has been extensively used to direct these drugs to 

mitochondria.119,128-130 The mitochondrial-specific delivery of TPPs to the IMM has been 

achieved through the addition of a long alkyl tail onto the TPP cation. For example, the 

therapeutically approved antioxidant Mito-Q (Error! Reference source not found.) consists of 

a TPP cation linked via a decyl chain to an antioxidant ubiquinol moiety.128 When delivered in 

vitro or in vivo, Mito-Q accumulates in mitochondria and localises in the IMM, where the 

ubiquinol moiety embeds in the hydrophobic core of the IMM and protects it from lipid 

peroxidation.123  
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suspected to accumulate in the IMM of cancer cell mitochondria by permeabilising the 

membrane and inducing mitochondrial dysfunction ultimately leading to cell death.  

 

1.7 Project aims 

The overall aim of this thesis is based on the hypothesis that aromatic ILs are a class of 

DLCs and are therefore expected to accumulate in the IMM of mitochondria and induce cell 

death by permeabilising the membrane and inducing mitochondrial dysfunction.  

The specific aims of this thesis are: 

1. To undertake a mechanistic study and determine whether aromatic long chain ILs are 

able to permeabilise the IMM and induce mitochondrial dysfunction. 

2. To design and synthesise a SAR study on a series of substituted quinolinium and 

pyridinium-based ILs. 

3. To assess the effect of ILs on cytotoxicity against HeLa cells and provide new SAR 

information regarding substituent effects on ILs cytotoxicity.  

 

To achieve these aims Chapter 2 describes the design, synthesis and biological evaluation 

of a series of aromatic and aliphatic containing cationic headgroup ILs substituted with butyl 

(C4-ILs) or decyl (C10-ILs) alkyl chains on the cationic headgroups (Library 1). In order to 

investigate the influence of their structure on cytotoxicity and mitochondrial actions, and hence 

determine the mechanism by which aromatic long chain ILs induce cell death. 

 

Chapter 3 describes the design, synthesis and characterisation of quinolinium and 

pyridinium-based ILs. Including the quaternisation chemistry used to prepare ILs for a SAR 

study.  
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Chapter 4 describes the biological investigation of the ILs synthesised in Chapter 3, 

including the MTS cell viability assay and preliminary mechanistic studies of substituent 

effects on cytotoxicity using tBLMs. 

 

Chapter 5 presents the conclusions and suggestions for future work, and the chemistry and 

biology experimental procedures are presented in Chapter 6. 
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Chapter 2 - Investigation of aromatic long chain ionic liquids which 

permeabilise the inner mitochondrial membrane and induce mitochondrial 

dysfunction 

2.1 Introduction 

As discussed in Chapter 1, the cellular mechanism/s by which ILs induce cytotoxicity 

is currently unclear, and the current body of evidence suggests ILs exert cytotoxicity by 

disrupting cellular membranes and/or inducing mitochondrial dysfunction. The lack of clarity 

regarding the precise cytotoxic mechanisms of ILs is an impediment in the design of safe ILs 

for industrial applications, or cytotoxic ILs as potential anticancer agents, hence there is 

currently a need to identify the cellular targets by which ILs induce cell death.17,91,104 

 

ILs that possess an aromatic headgroup substituted with a long N-alkyl chain are the 

most cytotoxic ILs, and these ILs bear structural similarity to lipophilic cations such as the 

triphenylphosphonium-based drug MitoQ. This is important, as MitoQ is known to accumulate 

in mitochondria in response to the PMF and localise in the IMM due to its lipophilicity. Thus, 

it is possible that aromatic, long chain ILs may also accumulate in mitochondria and localise 

in the IMM, and induce cell death by disrupting the integrity of the IMM.   

 

 In this chapter, a library of ILs comprised of aromatic and aliphatic cationic headgroups 

substituted with butyl (C4-ILs) or decyl (C10-ILs) chains were prepared to investigate the 

influence of their structure on cytotoxicity and mitochondrial actions, and hence to provide 

insights into the mechanism/s by which ILs induce cell death. The mechanistic insights may be 

used to rationally design either safe or cytotoxic ILs which is a vital step in their development 

and application as potential anticancer agents. 
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form a quaternary ammonium salt. The reaction proceeds via a SN2 mechanism, where the 

alpha carbon of 1-bromoalkane is susceptible to the nucleophilic attack by the quinoline 

nitrogen atom, leading to a transition state. Subsequently, the bromine acts as a leaving group 

and the nitrogen of the quinoline becomes quaternised, forming a quaternary salt with a 

bromine anion (Scheme 1). 

 

Scheme 1 An example of the reaction scheme, ILs were prepared by the neat quaternisation 

reaction between the appropriate heterocyclic headgroup and the appropriate bromoalkane (1-

bromobutane or 1-bromodecane). Reagents and conditions: neat, 140 °C, 24 h, 48-96 %. n= C2 

or C8.  

 

To perform the reactions, each heterocycle was reacted with 1 molar equivalence of 

either 1-bromobutane or 1-bromodecane for 24 hours at 140 oC. After complete consumption 

of the heterocycle as monitored by TLC, the reaction mixture was cooled to room temperature. 

The crude products were then purified by trituration with hexane and re-precipitation from 

chloroform / diethyl ether. This procedure was able to be carried out for oily products, as the 

dense oil products sunk and allowed the solvents to be decanted from the product. The resulting 

products were thoroughly dried in a vacuum oven to afford pure products with yields of 48-96 

%.  

 

[C10MIM][Br], [C10Py][Br], [C4Quin][Br] and [C10Quin][Br] were characterised by 

NMR spectroscopy and high resolution mass spectrometry (HRMS) techniques. The 1H and 

13C NMR of [C10MIM][Br], as an example, are shown in Figure 8 (1H and 13C NMR spectra 

N
+

Br

n

N
+

Br
–

n
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of the remaining ILs are shown in Chapter 6, the appendix). The successful quaternisation of 

the imidazolium headgroup was confirmed by the triplet at 4.30 ppm (Figure 8A), which arises 

from the CH2 group adjacent to the quaternary nitrogen atom. This is further highlighted by the 

signal at 50.45 ppm in the 13C NMR which also represents the CH2 carbon adjacent to the 

quaternary nitrogen atom (Figure 8B). This peak is shifted downfield from the other alkyl 

chain length carbon signals (b-f) resulting from the strong deshielding effect by the 

neighbouring positively charged nitrogen atom. Additional evidence supporting the successful 

synthesis of [C10MIM][Br] was obtained from HRMS. In positive mode, the HRMS detected 

a species with a m/z of 223.2177 which corresponds to the calculated m/z of [C10MIM] as 

223.2163.  

 

Compound purity was confirmed by absolute quantitative 1H NMR (qNMR) which 

involves dissolving the internal standard (IS) 1,3,5-trioxane in deuterated DMSO (DMSO-d6), 

then adding the sample [C10MIM][Br] to it and recording a 1H NMR spectra. Purity (w/w %) 

was determined by calculating the proportionality between the average integration of one 

proton from the IS and the IL tested. So to further support the formation and purity of 

[C10MIM][Br] qNMR was used and was found to have a 99.3 % purity.  
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2.2.2 Synthesis of [C10MIM][BF4] and [C10MIM][CF3SO3]  

 [C10MIM][BF4] and [C10MIM][CF3SO3] were prepared by a metathesis reaction 

between [C10MIM][Br] and a saturated solution of sodium tetrafluoroborate (NaBF4) and 

sodium trifluoromethansulfonate (CF3NaO3S) respectively. The precipitate was collected by 

vacuum filtration and washed then dried under vacuum yielding pure product with high yields 

of 92-95%, full experimental details in Section 5.2.3. 

 

2.3 Effects of ILs on the viability of HeLa cells 

The capacity of the ILs to reduce the cell viability of HeLa cervical cancer cells and 

lung epithelial BEAS-2B cells was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell viability assay. The 

MTS assay is a colorimetric method used to determine the number of viable cells in culture 

following the treatment with a test compound. Viable cells are able to metabolise the MTS dye 

to a dark red formazan product whilst non-viable cells are not able to metabolise MTS. Hence, 

the magnitude of absorbance at 490 nm is directly proportional to the number of viable cells 

remaining in the culture and allows the number of viable cells to be determine 

spectrophotometrically. The ILs were tested at varying concentrations from 0.01 – 100 µM and 

produced dose-dependent reductions in cell viability, and the dose-response curves (see Figure 

9 and appendix) were used to calculate IC50 concentrations (Table 3). 
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Figure 9 Dose-response curves showing the effect of ILs on the cell viability after 48 h 

treatment. In HeLa cells A) [C4Quin][Br], B) [C4Py][Br], C) [C4MIM][Br], D) 

[C4TMA][Br], E) [C10Quin][Br], F) [C10Py][Br], G) [C10MIM [Br], H) [C10TMA][Br], I) 

[C4MIM][BF4], J) [C4MIM][ CF3SO3], K) [C10MIM][BF4] and L) [C10MIM][CF3SO3]. In 

BEAS-2B cells, M) [C4Quin][Br], N) [C4Py][Br], O) [C4MIM][Br], P) [C4TMA][Br], Q) 

[C10Quin][Br], R) [C10Py][Br], S) [C10MIM][Br], T) [C10TMA][Br], U) [C4MIM][BF4], V) 
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[C4MIM][CF3SO3], W) [C10MIM][BF4] and X) [C10MIM][CF3SO3]. Data represents the 

mean ± SEM of 3 independent experiments. 

 

Table 3 Cell viability IC50 concentrations of ILs against HeLa and BEAS-2B cell lines. 

Ionic liquid Headgroup structure HeLa IC50 (mM) BEAS-2B IC50 (mM) 

[C4Quin] [Br] 

 

2.24 ± 0.06 1.64 ± 0.22 

[C10Quin] [Br] 0.0268 ± 0.0003 0.03284 ± 0.00346 

[C4Py] [Br] 

 

13.31 ± 1.18 15.70 ± 1.40 

[C10Py] [Br] 0.0888 ± 0.0003 0.10261 ± 0.00502 

[C4 MIM] [Br] 

 

13.88 ± 1.84 16.98 ± 0.86 

[C4 MIM][BF4] 11.80 ± 0.36 18.37 ± 1.42 

[C4 MIM][CF3SO3] 10.47 ± 0.28 14.05 ± 0.68 

[C10MIM] [Br] 0.0848 ± 0.0006 0.11230 ± 0.00675 

[C10MIM] [BF4] 0.0875 ± 0.0097 0.0909 ± 0.00143 

[C10MIM] [CF3SO3] 0.0849 ± 0.0021 0.0894 ± 0.00121 

[C4TMA] [Br]  11.43 ± 1.23 39.93 ± 0.99 

[C10TMA] [Br] 0.197 ± 0.0073 0.20197 ± 0.00903 

 

The general trends in IL cytotoxicity are consistent with previous reports which found 

that N-alkyl chain length was a major determinant of activity, 16,61,85,135,136 where cytotoxicity 

positively correlates with the length of the N-alkyl chain.60,85,96,98,100 This is demonstrated in 

Table 3, where short chain C4-ILs had IC50 concentrations in the millimolar range while those 

with longer chains C10-ILs were in the micromolar range, regardless of headgroup structure or 

cell line.  

N
+

N+

N
+

N+

N
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Headgroup aromaticity appeared to be an important factor determining cytotoxicity 

within the decyl-substituted series. Thus, [C10TMA][Br] reduced the viability of both HeLa 

and BEAS-2B cells with IC50 concentrations of ~200 μM, while the aromatic ILs [C10MIM] 

[Br] and [C10Py][Br] were 2 fold more potent (IC50 concentrations of ~100 μM, P < 0.05).  

This is consistent with previous reports which have shown the IL containing an aliphatic 

piperidinium headgroup is less cytotoxic than the aromatic pyridinium headgroup studied, this 

is due to aliphatic ILs lack of aromaticity and their relative polar nature.96 The quinolinium-

based IL [C10Quin][Br] was the most potent in the series and reduced the viability of both cells 

lines IC50 concentrations of ~30 μM, which suggests that larger cationic headgroups promote 

cytotoxicity. Interestingly, the nature of the cationic headgroup did not have a significant 

impact on the cytotoxicity of the short chain C4-ILs [C4MIM][Br], [C4Py][Br] and 

[C4TMA][Br], with these ILs reducing the viability of HeLa cells with IC50 concentrations of 

~12 mM, although [C4Quin][Br] was 2.24 ± 0.06 mM.  

 

To determine whether the anion has an influence on cytotoxicity, the anionic 

component of [C4MIM][Br] and [C10MIM][Br] was exchanged with trifluoromethanesulfonate 

(CF3SO3-) and tetrafluoroborate (BF4-) anions. The IC50 concentrations for the [C4MIM] and 

[C10MIM] ILs were similar in both cell lines, regardless of the anion (P > 0.05), despite 

differences in the lipophilicity of the anions (Table 3), showing that the cytotoxicity of these 

compounds is unaffected by the nature of the anion. This is supported by several studies which 

show that the cytotoxicity of imidazolium ILs are not affected by the anionic component.55,137-

140 

 

As mentioned in Section 1.6.1, the accumulation of ILs in mitochondria are driven by 

the electrostatic interactions between the positively charged ion and the negative charge of the 



35 
 

ΔΨM.118-120 As cancer cell mitochondria are hyperpolarised compared to non-cancerous cells 

mitochondria, it is hypothesised this would allow for the preferential accumulation of ILs in 

cancer cell mitochondria similar to DLCs discussed in Section 1.6.2. Hence, ILs were tested 

in human lung epithelial BEAS-2B cells to evaluate their potential selectivity towards 

cancerous HeLa cells using the MTS cell viability assay (Table 3). In general, the IC50 

concentrations were higher is BEAS-2B cells relative to HeLa cells. For example, aromatic 

C10-ILs [C10Quin][Br], [C10MIM][Br] and [C10Py][Br] reduced the cell viability in HeLa 

cells with MTS IC50 concentrations of 26.8 ± 0.30 μM, 88.8 ± 0.30 μM and 84.8 ± 0.60 μM 

respectively, whilst in BEAS-2B cells they reduced cell viability to a lesser extent with their 

respective IC50 values of 32.8 ± 0.35 μM, 102.6 ± 0.50 μM and 112.3 ± 0.68 μM (Table 3).  

Similarly, in the C4-IL [C4 MIM][Br] was more cytotoxic towards HeLa cells than  BEAS-2B 

cells. These data show that the HeLa cancer cell line was more susceptible to IL cytotoxicity 

than the non-cancerous BEAS-2B cells and are in good agreement with a previous study which 

found a range of ILs, [C1MIM][Cl], [C4MIM][Cl], triethylammonium sulphate and 

triethylammonium phosphate were less cytotoxic towards non-cancerous HEK (human 

embryonic kidney) cells compared to T98G brain cancer cells. 11 

 

2.4 Effects of ILs on the permeability of DOPC lipid bilayers 

Disruption of the cellular membranes is suggested to contribute to IL cytotoxicity. 

Studies have shown ILs exert cytotoxicity by incorporating into and disrupting cellular 

membranes. The capacity of ILs in this chapter to disrupt membrane integrity was assessed 

using tethered bilayer lipid membranes (tBLMs). This system is comprised of a lipid bilayer 

tethered to a thin film gold electrode (Figure 10), to which tethering moieties are anchored via 

benzyl disulfide groups. As tethers incorporate into one leaflet, a lipid bilayer is formed, which 

tethers the bilayer to the metal surface. Combined with the tethers are spacer molecules which 
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provide a framework for the tethering molecules.141 The tethering molecules are amphiphilic 

and are interspersed with polar short-chained spacer molecules which are located between the 

metal surface and the lipid bilayer, this creates an aqueous reservoir allowing for ions to cross 

the membrane.142 Permeabilisation of the lipid bilayer is detected as an increase in membrane 

conductance, as measured by electrical impedance spectroscopy,142 in response to the addition 

of a membrane disrupting compound. For this study tBLMs were assembled with 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), which is the major phospholipid component of the 

IMM.143 Thus, these bilayer membrane models allow evaluating the ability of ILs to 

permeabilise the lipid bilayer, as larger membrane conductance values are the result of greater 

membrane disruption.  

 

Figure 10  A tBLMs setup consisting of a gold metal electrode and tethered moieties anchored 

via benzyl disulfide groups.141 (This image has been reproduced from Cranfield, Methods Mol 

Biol, 2015, 1232, 45-53) 

 
For these studies, tBLMs were treated with the ILs at a concentration of 200 µM, as 

this concentration produced the most stable changes in membrane conductance. ILs were added 

to tBLMs to determine their effect on ionic conductance and assess their capacity to 

permeabilise lipid bilayers. As shown in Figure 11, the addition of C10-ILs significantly 

increased lipid bilayer conductance. [C10MIM][Br] and [C10Py][Br] increased conductance 7-

fold, whilst [C10Quin][Br] produced the greatest increase with a 33-fold increase. The aliphatic 
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[C10TMA][Br] had the least increase of the C10-ILs with a 2.5 fold increase in conductance. In 

contrast the short chain C4-ILs did not have a significant effect on bilayer conductance.  

 

 

 Figure 11 Effects of ILs (200 µM) on the conductance of DOPC lipid bilayers tethered to gold 

electrodes, as measured by electrical impedance spectroscopy. Data normalised to membrane 

conductance prior to IL treatment at pH = 7. Data represents the mean ± SEM of 2 independent 

experiments. 

 

Importantly, the trends in membrane effects reflect with the cell viability IC50 data 

(Table 3). Thus, the C4-ILs which killed HeLa and BEAS-2B cells with relatively high IC50 

concentrations failed to increase the conductance of DOPC bilayers. In contrast, the C10-ILs 

produce marked increases in membrane conductance and had MTS IC50 concentrations in the 

micromolar range. This suggests ILs cytotoxic effects are related to their ability to permeabilise 

lipid bilayers. These findings are in agreement with previous findings which have demonstrated 

membrane effects are a major determinant in IL cytotoxicity, where increasing the length of 

the N-alkyl chain length led to greater membrane disruption and cytotoxicity.94,97-100,144  
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Within the C10-IL series [C10Quin][Br] produced the greatest increase in membrane 

conductance, which may arise due to its larger headgroup size and greater hydrophobicity 

compared to its counterparts. The next most active were [C10Mim][Br] and [C10Py][Br] and 

lastly the aliphatic [C10TMA][Br]. These findings are in good agreement with a previous report 

by Kaur et al. who studied the effect of six ionic liquids containing benzimidazolium, 

imidazolium, pyrrolidinium, piperidinium, ammonium, and morpholinium based ILs 

substituted with a dodecyl alkyl chain in POPC bilayers. Permeability of the POPC bilayer was 

found to have a strong dependence on ionic liquid headgroup structure, where benzimidazolium 

and imidazolium ILs which contain larger and more hydrophobic headgroups produced the 

greatest effect and IL with an ammonium headgroup disrupted POPC bilayers to a lesser 

extent.96 To further support that the cytotoxicity of ILs is related to their capacity to 

permeabilise lipid bilayers, the correlation between the MTS IC50 concentrations of the C10-ILs 

and their tBLMs effects was investigated. To carry this out, a simple linear regression plot was 

constructed using the log 1/ IC50 and log 1/fold increase which is customary in QSAR 

analysis,145 this produced the plot shown in Figure 12 with an r2 value of 0.9956. This shows 

a correlation between the MTS IC50 concentrations and the increase in membrane conductance 

produce by the C10-ILs and suggests that the cytotoxicity of the C10-ILs is associated with their 

capacity to disrupt cellular membranes. C4-ILs were not subjected to the same linear regression 

plot as they failed to induce disruption of DOPC bilayers and consequently an increase in 

membrane conductance. 

https://www.sciencedirect.com/topics/chemistry/piperidinium
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Figure 12 Correlation plot of tBLMs conductance Log(1/fold increase) against MTS 

Log(1/IC50) for C10-ILs. 

 

2.5 Intracellular tracking of fluorescent quinolonium-based IL using confocal microscopy 

The next question that arises is which cellular membrane is targeted by C10-ILs to 

induce cell death. It was anticipated that C10-ILs would target the IMM as other lipophilic 

cations such as MitoQ are known to accumulate at this membrane, and mitochondria are sites 

of critical cellular process, as well as regulators of cell death. Since the quinolinium-based ILs 

are fluorescent, it was envisioned that these ILs together with MitoTracker deep red (λex/λem 

644/665 nm) and Hoechst (λex/λem 350/461 nm) could be used to follow subcellular 

localisation by confocal microscopy. Since MitoTracker deep red staining requires polarised 

mitochondria for effective staining, it was decided to use [C4Quin][Br] as this short chain IL 

has less capacity to permeabilise and depolarise the IMM. Unfortunately, the excitation and 

emission profile of [C4Quin][Br] was not available in the optical setup, and an analogue of 

[C4Quin][Br] with optical properties suitable for confocal microscopy was prepared.  
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The addition of electron donating and withdrawing substituents on the aromatic ring 

can shift the absorbance band wavelength to either a higher or lower wavelength. Therefore, 

the electron donating alkyl group CH3 was added on the C2 position of the quinolinium cation 

forming [C4MeQuin][I]. [C4MeQuin][I] was synthesised by the procedure detailed in Section 

2.2.1 and full experimental details are provides in Section 5.2.2. The optical properties of 

[C4MeQuin][I] were studied by fluorescence spectroscopy (Figure 13). It was found that 

[C4MeQuin][I] has an excitation band at ~430-520 nm and emission of ~520-700 nm, hence 

was capable to be imaged using a 458 nm laser and a 500-550 nm bandpass filter on the 

confocal microscope.  

 

Figure 13 Optical absorbance (blue), excitation (red) and emission from 488 nm excitation 

(green) spectra for [C4MeQuin][I] in acetonitrile. Insert shows absorbance between 350-700 

nm for clarity. 
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Figure 14  Single colour controls to demonstrate no bleed through between channels. (A) Cells 

only, (B) Red channel MitoTracker Deep Red (200 nM, lex= 644 nm), (C) Green channel 

[C4MeQuin][I] (500nM, lex= 488 nm) and (D) MitoTracker Deep Red and [C4MeQuin][I]. 

 

Single colour controls (Figure 14) were acquired to confirm channel specificity of 

[C4MeQuin][I] and MitoTracker Deep Red to the green and red channels respectively. Figure 

14A shows an image collected of unstained cells. The lack of fluorescence shows the cells 

themselves did not cause any fluorescence that might interfere with the fluorophores. Figure 

14B shows an image of cells treated with MitoTracker deep red only. No bleed through of 
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fluorescence into the green channel (column one) was observed. Similarly, Figure 14C showed 

no fluorescence cross over in the red channel (column two) after treatment of cells with 

[C4MeQuin][I]. This confirms the fluorescence produced is channel specific and there was no 

bleed through between channels of [C4MeQuin][I] and MitoTracker Deep Red.  

 

2.5.1 Colocalisation analysis 

A colocalisation study was preformed to confirm localisation of [C4MeQuin][I] within 

HeLa mitochondria using MitoTracker deep red and the neculear stain Hoechst. The confocal 

microscopy reveals that [C4MeQuin][I] exhibited high levels of colocalisation with 

MitoTracker Deep Red.  This is clearly evident with the green fluorescence of [C4MeQuin][I] 

in the green channel overlapping with the red fluorescence of MitoTracker Deep Red in the red 

channel (Figure 15). Hence, a colocalisation analysis was conducted to determine the 

Pearson’s correlation coefficient between the green and red channels. A Pearson’s correlation 

(PC) coefficient of 0.94 in HeLa cells was determined which further confirms the localisation 

of [C4MeQuin][I] within mitochondria. These findings are consistent with previously reported 

studies which have shown the subcellular localisation of DLCs in mitochondria using confocal 

fluorescence microscopy with MitoTracker red.146-148 The high PC values in all studies 

establishes mitochondrial specificity and the combination of these findings further supports the 

accumulation of ILs in mitochondria as they are structurally similar to DLCs with a delocalised 

charge across the headgroup which is known to bw essential for their accumulation in 

mitochondria. 
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Figure 15 Confocal fluorescence microscopy of [C4MeQuin][I] in HeLa cells reveals 

mitochondrial specificity. A maximum intensity projection of the labelled cell volume. (A) 

Green channel [C4MeQuin][I] (500nM, λex= 488 nm) (B) Red channel MitoTracker Deep Red 

(200 nM, λex= 644 nm). (C) Merged channels. (D) Magnified view of boxed region in (C). Blue channel in all 

cases: Hoechst nuclear stain (4 µM, λex/λem 350/461 nm). Scale Bar (10 µm). 

 

Some studies have suggested that ILs might target the cell nucleus, so colocalisation of 

[C4MeQuin][I] with Hoechst nuclear stain was also assessed. The study produced a PC of less 

than 0.02, which suggests [C4MeQuin][I] does not localise in the nucleus and thus further 

indicates selective accumulation of ILs in mitochondria. 

 
 

2.6 Effects of ILs on mitochondrial function in HeLa cells 

The fluorescent microscopy images and association between the MTS IC50 and tBLM 

data suggest that the C10-ILs in this study exert their cytotoxic actions at the IMM. The IMM 

being the target of C10-ILs is reasonable given that mitochondria play critical roles in cell 

function and death, and the integrity of the IMM influences these functions.149 The primary 

role of mitochondria is to convert nutrients to ATP through OxPhos. Drugs that disrupt OxPhos 

and ATP production (mitochondrial uncouplers) can induce cell death and are currently being 

explored as anticancer agents,150 and several studies have suggested that imidazolium-based 

ILs affect OxPhos.66,104,151  
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A series of experiments were therefore undertaken to understand how the ILs in this 

study affected mitochondrial function in HeLa cells. For these studies HeLa cells were treated 

with the ILs at their MTS IC50 concentrations (Table 3) for short time periods to capture the 

early cellular effects that likely contribute to cell death.  

 

2.6.1 Mitochondrial respiration  

Mitochondrial and metabolic function can be measured using extracellular flux 

analysis, which allows a real time measurement of mitochondrial and glycolytic activity. The 

Agilent Seahorse XF Mito Stress Test measures these key functions by directly measuring the 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of cells over a 

short period of time.152 OCR is a measure of oxidative phosphorylation (as molecular oxygen 

is consumed by complex IV in the ETC), whilst ECAR corresponds to glycolytic activity within 

the cell. First the basal OCR in HeLa cells were measured using the seahorse assay, after which 

the cells were treated with ILs to assess their effects on OCR and evaluate their capacity to 

inhibit OxPhos. Next, oligomycin was added, an ATP synthase inhibitor which decreases the 

flow of electrons through the ETC. The resultant decrease in OCR represents mitochondrial 

respiration linked to ATP production and indicates the amount of mitochondrial ATP produced 

to meet cell demands. Subsequently, the addition of FCCP, a protonophore which aids in proton 

movement across the IMM, imitates physiological energy demand by stimulating the ETC to 

operate at maximum capacity, and as a result increases OCR levels to reflect maximal 

respiration. Spare respiratory capacity, the difference between the maximal respiration and 

post-treatment OCR levels, are an indicator of mitochondria’s ability to respond to increased 

respiratory requirement during cell stress. Lastly, the addition of rotenone and Antimycin A, 

inhibitors of Complexes I and III respectively, shut down mitochondrial respiration.  
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during stress.70,155,156 Combined, the Seahorse data shows that ILs affect OxPhos at their MTS 

IC50 concentrations, and that only the aromatic C10-ILs reduce spare respiratory capacity, and 

induce mitochondrial dysfunction. In contrats HeLa cells treated with the C4-ILs and 

[C10TMA][Br] did have spare respiratory capacity which suggests these ILs exert cytotoxicity 

to cells by a different mechanism.  

 

2.6.2 Depolarisation of the IMM  

The integrity of the IMM is critical to maintaining the mitochondrial membrane 

potential and ATP synthesis via OxPhos. Given the results from the fluorescence microscopy, 

tBLM and Seahorse studies, it was suspected that inhibition of OxPhos may result from IL-

mediated permeabilisation of the IMM and collapse of the proton gradient across this 

membrane. To assess this, the ability of ILs to depolarise the IMM in HeLa cell mitochondria 

were measured using the JC-1 assay. JC-1 is a redox active lipophilic cationic dye that 

selectively accumulates within mitochondria and forms aggregates that fluoresce red in the 

electronegative environment of polarised mitochondria. In response to depolarisation of the 

IMM, JC-1 leaves mitochondria and disaggregates to monomers that fluoresces green. Thus 

changes in JC-1 red:green fluorescence ratio can be used to detect changes in IMM 

depolarisation.  
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Figure 18 JC-1 red: green fluorescence percentage in HeLa cells treated for 1 hr at the MTS 

IC50 concentration. Data represents the mean ± SEM of 3 independent experiments. Different 

from DMSO treated control: (***) P < 0.0001. 

 

As shown in Figure 18 aromatic C10-ILs [C10Quin][Br], [C10Py][Br] and 

[C10Mim][Br] caused a shift in the JC-1 red:green fluorescence ratio to 50-56% of control after 

1 hour treatments, which indicates that these long chain aromatic ILs rapidly collapse the IMM 

proton gradient. In contrast, the aliphatic C10-IL [C10TMA][Br] and all C4-ILs had no activity 

in JC-1 assays, which suggests that these ILs do not affect the IMM polarisation. Overall, these 

findings suggest that the combination of a long alkyl chain and aromatic head group is critical 

for the ability of these ionic liquids to depolarise the mitochondrial membrane. 

 

2.6.3 Effects of ILs on intracellular ATP levels 

IL-mediated inhibition of OxPhos (Seahorse assay) and depolarisation of the IMM (JC-

1 assay) is expected to lower ATP levels, thus intracellular ATP levels were measured in HeLa 

cells treated with the ILs at their MTS IC50 concentrations. Since reduced intracellular ATP 

can reflect a loss of cell viability rather than inhibition of OxPhos, the time taken for the ILs to 
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impact cell viability was first assessed using the MTS assay. HeLa cells were treated with the 

ILs at their IC50 concentrations and MTS cell viability was measured up to 4 hours. As no 

significant decrease in cell viability was observed over these short treatment periods (Table 4), 

ATP levels were monitored over 4 hours. 

 

Table 4 MTS cell viability percentages at 4 hr treatment corresponding to ATP data in Figure 

19. 

Compound  MTS cell viability percentage (%) 

[C4Quin][Br] 93 ± 2.7 

[C4Py][Br] 99 ± 1.6 

[C4Mim][Br] 96 ± 2.8 

[C4TMA][Br] 96 ± 2.8 

[C10Quin][Br] 93 ± 0.98 

[C10Py][Br] 97 ± 0.47 

[C10Mim][Br] 97 ± 1.8 

[C10TMA][Br] 95 ± 1.2 

 

As can be seen in Figure 19B, the aromatic C10-ILs [C10Quin][Br], [C10Mim][Br] and 

[C10Py][Br] significantly decreased ATP levels in HeLa cells at their MTS cell viability IC50 

concentrations. [C10Quin][Br] had the greatest effect, reducing intracellular ATP to 47 ± 0.72 

% of control at 4 hours, while [C10Mim][Br] and [C10Py][Br] produce a similar decreases of 

~68 %. In contrast, the aliphatic C10-IL [C10TMA][Br] and all C4-ILs did not significantly 

decrease ATP production (Figure 19A). Li et al.104 recently showed that [C8MIM][Cl] lowers 

ATP levels in PC12 cells. These findings combined with the above findings suggests ILs with 

long alkyl chains and aromatic head groups are able to reduce intracellular ATP levels.  
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Considered together with the JC-1 data, it can be concluded that of the ILs studied, only 

the aromatic C10-ILs depolarise the IMM at their MTS IC50 concentrations to such an extent 

that is detected in the JC-1 assays and leads to impaired ATP production. This aligns with the 

Seahorse analysis which showed that HeLa cells treated with aromatic C10-ILs lacked spare 

respiratory capacity, and the tBLM data which showed these ILs have the largest effect in 

membrane conductance. Considering that in the mitochondrial assays [C10Quin][Br], 

[C10Mim][Br] and [C10Py][Br] were tested at 25-90 μM, while [C10TMA][Br] (200 μM) and 

C4-ILs (2-15 mM) were tested at much higher concentrations, it is clear that the aromatic C10-

ILs have a much greater capacity to affect mitochondrial respiration. The relatively lipophilic 

nature of the aromatic C10-ILs, which results from their larger alkyl chains and delocalised 

positive charge, likely accounts for the capacity of these ILs to accumulate in, and permeabilise, 

the IMM. This is further supported as several studies have found IL cytotoxicity is influenced 

by their lipophilicity.58,85 

 

2.6.4 ROS production 

Reactive Oxygen Species (ROS) are radicals, molecules or ions which have a single 

unpaired electron in their outermost shell of electrons. This property makes ROS highly 

reactive. The major species of ROS include superoxide (O2•−), hydrogen peroxide (H2O2), and 

hydroxyl radical (•OH).157 ROS are generated during normal cellular metabolism and 

mitochondrial functioning and are important in maintaining homeostasis. The overproduction 

of ROS is correlated with an increase in mitochondrial dysfunction, and overproduction of 

ROS can ultimately lead to cell death.158, 127 Thus the capacity of the ILs to induce ROS 

formation was assessed. Indeed, several studies have shown that aromatic ILs cause an 

overproduction of ROS that leads to cell death.17,104,114,126,127,151,159 The precise mechanism for 

IL-mediated ROS production is currently being investigated. Recently Wright et al.  proposed 
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that Mim-based ILs can be reduced by the ETC to neutral radical species that undergo redox 

cycling to produce ROS.151 Efficient ROS production was only induced by Mim-based ILs 

with long chains (≥C6), which the authors hypothesised was due to partitioning of these more 

lipophilic ILs in the IMM where the ETC is located. Alternatively, the pore forming agent 

alamethicin has been shown to induce ROS formation in isolated mitochondria by 

permeabilising the IMM, and it is possible that the ILs in this study could increase ROS by this 

mechanism.160  

 

The capacity of ILs to induce ROS production was assessed in HeLa cells treated with 

the ILs at their MTS IC50 concentrations using the DCFDA assay. A kinetic experiment was 

used to determine the time point in which ILs induce ROS formation within the cells. The 

kinetic experiment was conducted every 30 mins over an 8-hr time period as cells would be 

affected after prolonged exposure without CO2. This kinetic experiment produced a gradual 

increase in ROS over the initial 8 hrs (Figure 20).  

 

 

Figure 20 Percentage of control values for ROS increase over initial 8 hr when treated with 

C10-ILs. 
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Subsequent ROS experiments were only measured at 6 hours of treatment as reasonably 

high ROS production was observed at this time point with. Consistent with previous 

findings,151 the imidazolum based IL [C10Mim][Br] increased intracellular ROS levels to 

~140% of control (Figure 21). The remaining aromatic C10-ILs [C10Quin][Br] and 

[C10Py][Br] also produced similar increases in ROS. This is due to ILs with greater 

lipophilicity having an increased ability to partition into the IMM.151 In contrast, the aliphatic 

C10-IL [C10TMA][Br] and C4-ILs [C4TMA][Br], [C4Mim][Br] and [C4Py][Br] did not 

induce ROS formation. The inactivity of these more polar ILs may result from their decreased 

capacity to accumulate in and depolarise the IMM, or in the case of the aliphatic ILs, an 

inability to efficiently produce ROS through the redox cycling mechanism proposed by Wright 

et al.151 Interestingly [C4Quin][Br] increased ROS to similar levels as the aromatic C10-ILs. 

This is likely due to the larger quinolinium headgroup which renders [C4Quin][Br] sufficiently 

lipophilic to accumulate in the IMM.  
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Figure 21 ROS production in HeLa cells treatment with ILs at their MTS IC50 concentrations 

(6 h). All data represents the mean ± SEM of 3 independent experiments. Different from 

DMSO-treated control: (***), P < 0.001. 

 
 
2.7 Summary of findings  

Taken together, the data presented shows that ILs containing aromatic cationic 

headgroups substituted with decyl tails target the IMM in HeLa cells and induce mitochondrial 

dysfunction at concentrations relevant to their cytotoxicity. These observed effects caused by 

ILs occur in HeLa cells treated at their MTS IC50 concentrations over short time periods, which 

suggests these effects may be early cellular events that result in cell death. In support of this, 

increased ROS is a known trigger of cell death, and dissipation of the proton gradient across 

the IMM and uncoupling of OxPhos by protonophores can induce cell death. Indeed, the use 

of mitochondrial uncouplers as clinical anticancer agents is currently being explored.150 Given 

that numerous studies have suggested that ILs exert their cytotoxic actions by targeting either 

cell membranes or inducing mitochondrial dysfunction, our findings provide an important 
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insight into the mitochondrial actions of ILs. Which is long chain aromatic ILs specifically 

target the IMM due to the lipophilic nature of their cations. 

 

Short chain (C4) and aliphatic ILs also appear to affect mitochondrial function in 

Seahorse assays, albeit at much higher concentrations and to lesser extents than the aromatic 

C10-ILs, however measurable effects on ΔΨM in JC-1 assays, ATP production and ROS levels 

were not seen (with the exception of [C4Quin][Br]). These data therefore suggest that short 

chain and/or aliphatic ILs were unsuccessful in producing cellular effects consistent with 

mitochondrial dysfunction. Hence, these ILs do not target the IMM in HeLa cell mitochondria 

and kill cells through a different mechanism, which also corresponds to a drop in cytotoxicity 

(IC50 concentrations in the millimolar range, compared to micromolar range for aromatic long 

chain ILs). The reduced activity of the aliphatic and short chain ILs likely results from the 

inability of these ILs to efficiently accumulate into and permeabilise the IMM. An exception 

is [C4Quin][Br], which increased ROS but did not affect JC-1 red:green ratios or ATP levels 

in HeLa cells. One possible explanation is that due to its larger headgroup [C4Quin][Br] is 

sufficiently lipophilic to accumulate in the IMM where it produces ROS through redox cycling 

but lacks a sufficiently long alkyl chain to permeabilise and depolarise the IMM, and inhibit 

ATP production.  

 

The mechanism proposed in this thesis can be used to explain some aspects of the SAR 

governing IL cytotoxicity, as structural features that increase the capacity of ILs to disrupt 

mitochondrial function should also be expected to promote cytotoxicity. To target the IMM 

and induce cell death, ILs must be sufficiently lipophilic to diffuse through the plasma 

membrane, and an alkyl chain long enough to disrupt the integrity of the IMM. Consistent with 

this, SAR studies have shown that increased alkyl chain length is a major determinant of IL 
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cytotoxicity.15,16,55,58,61,66,83-86 Aromatic ILs are in general more cytotoxic than their aliphatic 

counterparts,57 which can be explained by delocalisation of the cationic charge that renders 

aromatic ILs more lipophilic than aliphatic ILs. Headgroup aromaticity has less impact on the 

cytotoxicity of short chain ILs, which may result because these ILs kill cells by a different 

mechanism. Finally, there are conflicting reports regarding the influence of the anion, although 

it appears the nature of the anion has the least impact on the cytotoxicity of aromatic ILs with 

long alkyl chains.57 This too can be rationalised by the proposed mechanism as it is only the 

cation that plays a role in the mitochondrial effects.  

   

2.8 Conclusions 

ILs share physiochemical properties with lipophilic cations and were therefore 

anticipated to target the IMM to induce cell death. Using fluorescence microscopy it was shown 

that a quinolinium-based IL is rapidly taken up into HeLa cells mitochondria. The capacity of 

a series of ILs to reduce viability and induce mitochondrial dysfunction in HeLa cells was 

assessed. ILs bearing aromatic headgroups substituted with decyl chains were the most 

effective at inducing cell death and permeabilising lipid bilayers. When tested at their MTS 

IC50 concentrations, long chain aromatic ILs produced a variety of cellular effects consistent 

with permeabilisation of the IMM. These effects are associated with cell death, and therefore 

indicate long chain aromatic ILs kill cells by targeting the IMM. ILs with short chains or 

aliphatic headgroups failed to produce these effects which suggests these ILs produce 

cytotoxicity by an alternate mechanism. These findings provide new mechanistic insights into 

IL cytotoxicity and may assist in the design of task-specific ILs for safe industrial application 

or as anticancer agents.  
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Chapter 3 - Structure-activity relationship studies: effects of headgroup 

substitution on IL cytotoxicity 

3.1 Background 

In addition to understanding the mechanisms by which ILs produce cytotoxic effects, a 

clearly defined structure-activity relationship (SAR) governing IL cytotoxicity will also assist 

in the development of safe ILs for industrial applications or cytotoxic ILs as potential 

anticancer agents. As discussed in Section 1.4 of this thesis, it has been consistently shown that 

the length of the alkyl side chain on the headgroup of ILs is a major determinant of cytotoxicity, 

cytotoxicity increases as the alkyl chain length increases.15,16,55,58,61,66,83-86 The effects of other 

structural elements on IL cytotoxicity are less well defined. It is likely that the anion has little 

to no impact on cytotoxicity, although this has not been consistently observed across 

studies.17,89,90 Headgroup aromaticity appears to play an important role in IL cytotoxicity, as 

several studies have shown that ILs containing aromatic headgroups are significantly more 

cytotoxic than aliphatic counterparts.11,17,88 Interestingly, the effect of aromatic headgroup 

substitution on cytotoxicity has not been widely explored and only one study has addressed 

this issue. The study assessed the cytotoxicity of pyridinium based ILs substituted with methyl 

groups at the 2, 3 and 4 position on the headgroup (Figure 22) and found that these ILs were 

equipotent to one another in MCF-7 cells.57 
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      12: n = 10                         
      13: n = 12                 
      14: n = 14                       
      15: n = 16             
      16: n = 18                       
      17: n = 20                       

Figure 23 Chemical structure of quinolinium with varying N-alkyl chain lengths. 

 

3.2.1 Synthesis of quinolinium ILs 

ILs 12-17 were prepared following the procedure outlined in Section 2.2.1. Quinoline 

(18) was heated at 140 oC with the appropriate alkyl bromide for 24-72 hours (Scheme 2) and 

the crude solid was purified by trituration with hexane then re-precipitation from 

chloroform/diethyl ether to yield 12-17 in yields of 57-87%. 

 

The reaction times required to prepare 12-17 were found to increase as alkyl chain length 

increased. For example, during the synthesis of 12 complete consumption of the alkyl bromide 

(1-bromododecane) starting material occurred in 24 hours, while for 17, ~40 % of the alkyl 

bromide (1-bromodocosane) was remaining after 3 days of continuous reaction. This is in 

agreement with previous studies that have shown reduced rates of quaternisation associated 

with increasing length of alkyl chains. For example, Madaan et al. found the reaction times for 

the quaternisation of substituted pyridines increased as the chain length of the alkyl group 

increased.163 As a result, the longer chain (³ C16) reactions required significantly longer 

reaction times for the formation of ILs. 

N
+

n

Br
–
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Figure 24 Dose-response curves showing the effect of ILs on the cell viability of HeLa cells 

after 48 h treatment. A) 12, B) 13, C) 14 and D) 15. Data represents the mean ± SEM of 3 

independent experiments.  

 
 

ILs 12-15 caused a reduction in HeLa cell viability with IC50 concentrations ranging 

from 5.00 ± 0.15 µM to 12.99 ± 0.81 µM (Table 5). 12 and 13 exhibited IC50 concentrations 

of 12.99 ± 0.81 and 7.68 ± 0.89 µM respectively, whilst ILs 14 and 15 equally decreased cell 

viability with similar IC50 concentrations of ~ 5 µM. The IC50 data shows the cytotoxicity of 

ILs increased as alkyl chain length increased, which is consistent with SAR discussed in 

Chapter 2. As 15 was sparingly soluble in DMSO and possessed an identical IC50 to 14 which 

was completely soluble, C16 alkyl chains were optimal and used in subsequent experiments in 

this thesis. 

 

 

 

 



62 
 

Table 5 Cell viability IC50 concentrations of various alkyl chain length ILs against HeLa cells. 

 

 

 

Compound n IC50 (µM) 

12 10 12.99 ± 0.81 

13 12 7.68 ± 0.89 

14 14 5.39 ± 0.22 

15 16 5.00 ± 0.15 

16 18 - 

17 20 - 

 

3.3 Synthesis and cytotoxicity of substituted quinolinium-based ILs 

With the optimal chain length identified, the next step was to design a series of ILs that 

would facilitate an understanding of substituent effects on IL cytotoxicity. In the selection of 

substituents, the following parameters were considered:   

 

§ Substituent hydrophobicity constant (π): a measure of the hydrophobicity of a 

substituent relative to hydrogen. Substituents that are hydrophobic have positive 

values. Hydrophilic or polar substituents have a negative value. 

N
+

n

Br
–
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§ Hammett substituent constant (σ):  a measure of the electronic properties of an 

aromatic substituent relative to hydrogen. Electron donating substituents have a 

negative value and electron withdrawing substituents have a positive value.  

 

3.3.1 Proposed substituted quinolinium library (Library 3) 

  In Library 3, quinolinium based ILs bearing substituents on the C-2 and C-3 positions 

were planned (Figure 25). These positions were chosen as it allowed access to the widest range 

of commercially available substituted quinolines. It was envisioned these ILs could be made in 

one step using the previously described quaternisation reaction (see Section 2.2.1) by reacting 

the appropriate substituted quinoline with the alkyl halide. 
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occur with 1-Iodohexadecane due to iodine being a better leaving group, which makes 

iodoalkanes more reactive than bromoalkanes.164 The Finkelstein reaction is a nucleophilic 

substitution reaction which involves the exchange of one halogen atom to another and proceeds 

via an SN2 mechanism. The nucleophile attacks the alpha carbon of the alkyl bromide to form 

a transition state. In the next step the bromine acts as a leaving group and the iodine from 

sodium iodide joins to form the iodoalkane product, the mechanism is shown in Scheme 3. 

This reaction goes to completion because sodium bromide is insoluble in the reaction solvent 

(acetone), and precipitation of NaBr from the reaction solution drives the equilibrium towards 

products. 

 

Scheme 3 General mechanism for the formation of an iodoalkane from bromoalkane using the 

Finkelstein reaction. 

 

1-Iodohexadecane was readily prepared (see Section 5.4 for details) and subsequently 

used in the quaternisation reaction with quinaldine. Under these conditions some product 

formation was observed, however the reaction failed to go to completion and 22 was isolated 

in a relatively poor yield of ~15 %.  

 

22 was synthesised under neat reaction conditions and to improve yields the  

quaternisation reaction of 23 was attempted in acetonitrile, as polar solvents have been shown 

to improve the rate of heterocyclic quaternisation.165 Unfortunately, reactions in acetonitrile 

resulted in the formation of multiple side products with little to no observable quaternisation, 

even under forcing conditions (220°C, 144 hours). The difficulties in synthesising ILs with 
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Table 6 Chemical structure, aromatic substituent properties and cell viability IC50 

concentrations of 29-32 against HeLa cells. 

 

 

Compound R π σ IC50 (µM) 

29 CH3 0.56 -0.07 7.81 ± 0.97 

30 CF3 0.88 0.43 3.80 ± 0.04 

31 Cl 0.71 0.37 5.58 ± 0.15 

32 OCH3 -0.02 0.12 5.59 ± 0.44 

π: Hansch constant (hydrophobicity), σ: Hammet constant (electron-withdrawing capacity)166,167 

 

3.4 Synthesis and cytotoxicity of substituted pyridinium-based ILs (Library 4) 

The inability to synthesise C-2 substituted quinolines and the lack of commercially 

available C-3 substituted quinolines prevented a robust assessment of headgroup substituents 

on IL cytotoxicity. The pyridinium headgroup was subsequently explored as a wide range of 

pyridines bearing substituents in the C-3 position are commercially available. Thus, a library 

of 11 pyridyl-based ILs was planned (Library 4, Figure 27). 
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3.4.3 Attempted synthesis of IL 40 

The CF3-substituted IL 40 was attempted to be synthesised using the quaternisation 

method previously described. The 1H NMR spectrum of the reaction product contained only 

three aromatic proton peaks instead of the expected four (Figure 28), which suggests a proton 

on the pyridinium-headgroup has been substituted for another functional group. The HRMS 

revealed a parent ion with a m/z of 388.2819 which is ~ 16 m/z higher than expected 

(372.5317). Combined, these data suggest that an aromatic proton may have been substituted 

by an OH group. The aromatic resonances appear as a singlet and two doublets, which is only 

possible if the OH group was added at the 4 or 6 positions. Based on the relative positions of 

doublets ‘b’ and ‘c’ with respect to the ‘a’ singlet, coupled with the significantly upfield shift 

of ‘d’ (which is usually observed > 4 ppm) it is most likely that the OH is on the C-6 position 

due to the increased electron density about the nitrogen (i.e. if the hydroxyl was on the 4 

position, there would be a doublet with a higher chemical shift than singlet ‘a’. 

 

Figure 28 Low-field region of the 1H NMR spectrum of the product isolated during the 

attempted synthesis of 40. 
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The precise reaction mechanism that may have given rise to the suspected hydroxylated 

product is unknown, however it was possible that the OH group was derived from water in the 

reaction solvent. Thus, a second attempt to prepare 40 was undertaken, however this time the 

reaction was performed in a sealed pressure tube to minimise atmospheric moisture 

contamination. This method was successful as shown by the 1H NMR spectrum of the reaction 

product (Figure 29). In this case, four aromatic environment signals were present between 8.0-

10.2 ppm. Importantly, the peak arising from the CH2 adjacent to the pyridyl-N atom (peak ‘d’ 

in Figure 29) appears at 5 ppm (as opposed to 4ppm in the first product), which is a similar 

chemical shift to those seen in the 1H NMR spectra of 35-44. The HRMS showed a molecular 

ion with m/z 372.5317 which matches the calculated mass of 40 (m/z 372.5305).  

 

 
Figure 29 Low-field region of the 1H NMR spectrum of 40. 
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 ILs 35-38, 40 and 42-43 reduced cell viability with a similar IC50 concentration as the 

unsubstituted analogue 34 (9.42 ± 0.18 µM), this suggests substituents properties have 

negligible effect on cytotoxicity. For example, ILs bearing either polar (-COOCH3, -OCH3) or 

lipophilic (-CH3, -CH2CH3) substitutes have similar IC50 concentrations as 34, this suggests 

substituent polarity has no effect on cytotoxicity. In addition, when comparing compounds 35 

(-CH3 ) and 36 (-CH2CH3) with lipophilic substituents, which present the same value of s (-

0.07) and different values of p with an increase from 0.56 to 1.02 respectively (Table 7), the 

IC50 concentrations were not significantly different (8.35 ± 0.60 µM to 7.27 ± 0.52 µM 

respectively). This suggests substituent lipophilicity does not play a role in cytotoxicity. 

Furthermore, electronic properties of ILs also do not effect cytotoxicity. For example, 

compounds 36 (-CH2CH3) and 40 (-CF3) are substituted with electron donating and 

withdrawing groups respectively, but have similar IC50 concentrations (Table 7). Similary IL 

35 which contains an electron donating substituent -CH3 had equipotent activity to 40 and both 

substituents are similar in size.  

 

Interestingly, ILs 39 (OH) and 41 (CONH2) possess hydrogen-bond donating 

substituents and were found to be 3 and 2-fold less cytotoxic that the other ILs in the series, 

with IC50 concentrations of 31.40 ± 1.42 µM and 21.34 ± 1.37 µM respectively. Combined, 

these data suggest that while substituent lipophilicity (π) and electronic properties (σ) do not 

affect IL cytotoxicity, the capacity of the substituent to participate in hydrogen bonds as a 

hydrogen bond donor does.   
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Membrane effects were specifically investigated as the experimental data collected in Chapter 

2 suggested that aromatic long chain ILs target and permeabilise the IMM, which leads to 

mitochondrial dysfunction and cell death.  

 

The capacity of the ILs to permeabilise lipid bilayers was assessed using tBLM 

produced from DOPC, as described in Section 2.4. For these studies the hydrogen bond 

donating ILs 39 and 41 were chosen. ILs 42, 43, 44 were chosen for comparison as these ILs 

bear substituents with similar steric properties to 39 and 41, as well as the unsubstituted IL 34.  

 

Figure 31 Addition of 34, 39 and 41-44 at 20 µM increased conductance across a DOPC lipid 

bilayer tethered to a gold electrode, as measured by electrical impedance spectroscopy. Data 

normalised to membrane conductance prior to IL treatment at pH = 7. Data represents the mean 

± SEM of 3 independent experiments. 

 

As shown in Figure 31 the most cytotoxic ILs in the series (34, and 42-44) produced 

the greatest increases in bilayer conductance. In contrast, the ILs bearing hydrogen bond 

donating substituents (39 and 41) produced the smallest changes in bilayer conductance. These 

ILs were the least cytotoxic. Thus, the tBLM studies suggest that ILs 39 and 41 are less 
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with alternate hydrogen bond acceptors in DOPC such as the phosphate group. Indeed, the 

phosphate carries a full negative change and is therefore a stronger hydrogen bond acceptor. 

 

Figure 33 Addition of 34, 39 and 41-43 at 20 µM increased conductance across a Diether PC 

lipid bilayer tethered to a gold electrode, as measured by electrical impedance spectroscopy. 

Data normalised to membrane conductance prior to IL treatment at pH = 7. Data represents the 

mean ± SEM of 3 independent experiments. 

 

3.5 Conclusion 

 A series of quinolinium and pyridinium based ILs were designed and synthesised to 

investigate the influence of headgroup substitution on cytotoxicity. ILs 12-17 containing C12 

to C22 N-alkyl chain lengths were prepared through a quaternisation reaction between quinoline 

and alkyl bromides. The cytotoxicity of 12-17 was evaluated using the MTS cell viability assay. 

ILs bearing C20 and C22 N-alkyl chains were too insoluble for in vitro evaluation. The most 

potent of the series, 14, effectively decreased the cell viability of HeLa cells with an IC50 of 

5.39 ± 0.22 μM, indicating the optimal chain length to be C16. A quinolinium-based series of 

ILs was next investigated. Synthesis of ILs substituted at the C-2 position was not successful 

due to steric hindrance, but a small series of C-3 substituted ILs (29-32) was prepared. These 

ILs had MTS IC50 concentrations similar to the unsubstituted analogue 14 which suggests that 
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substitution on the quinolinium headgroup does not significantly modify cytotoxicity. A wider 

range of pyridinium-based substituted ILs was prepared (35-44) using the reaction conditions 

employed to prepare ILs 29-32. Comparison of these ILs to 34, an unsubstituted IL, showed 

that substituent lipophilicity and electronic properties does not have a significant effect on 

cytotoxicity. ILs 39 and 41, which contain hydrogen bond donor groups, did have decreased 

cytotoxicity and as well as a decreased capacity to permeabilise lipid bilayers. This is consistent 

with the mechanistic studies in Chapter 2 that indicated the ILs induce cell death by targeting 

the IMM. Preliminary studies aimed at understanding the role of the hydrogen bond donating 

substituent in governing membrane effects were conducted, however no conclusive findings 

were made and further studies are required.    

 

 

  



80 
 

Chapter 4 - Conclusions and Future Directions 

4.1 Conclusions  

ILs have potential applications in a variety of different processes, however their 

apparent toxicity and the incomplete understanding of the underlying cellular mechanism/s 

compromises their widespread adoption. This thesis sought to address this problem by 

providing new insights into the mechanism/s by which ILs induce cell death and the structural 

features that promote cytotoxicity. 

 

In Chapter 2 the mechanism by which ILs induce cytotoxicity was investigated. The 

underlying hypothesis of this chapter was that ILs, particularly those with a delocalised positive 

charge and long N-alkyl chain, target the IMM to induce mitochondrial dysfunction and cell 

death. A library of ILs comprised of aromatic and aliphatic cationic headgroups substituted 

with butyl (C4-ILs) or decyl (C10-ILs) chains were prepared. The cytotoxicity of these ILs 

towards HeLa cells was assessed using the MTS assay. It was found that aromatic C10-ILs were 

significantly more cytotoxic than their butyl or aliphatic counterparts. The cytotoxicity 

observed in MTS assays was found to correlate with their capacity to permeabilise tBLMs, 

which suggests cytotoxic ILs target membranes. To identify the target membrane the 

subcellular localisation of a fluorescent IL ([C4MeQuin][I]) was tracked by fluorescence 

microscopy which showed the rapid accumulation of [C4MeQuin][I] in mitochondria of HeLa 

cells. Next, the capacity of a series of C4-ILs and C10-ILs to induce mitochondrial dysfunction 

was assessed. When tested at the MTS IC50 concentrations, aromatic C10-ILs produced a variety 

of cellular effects consistent with permeabilisation of the IMM. These effects include 

depolarisation of the IMM which then led to a reduction of ATP production, a decrease in OCR 

and the overproduction of ROS. These effects are associated with cell death, and therefore 

indicate aromatic C10-ILs kill cells by targeting the IMM. ILs with short chains or aliphatic 
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headgroups failed to produce these effects which suggested these ILs produce cytotoxicity by 

an alternate mechanism.  

 

In Chapter 3, a library of quinolinium and pyridinium based ILs were synthesised to 

investigate the influence of headgroup substitution on cytotoxicity. Firstly, ILs 12-17 

containing C12 to C22 N-alkyl chain lengths were prepared through a quaternisation reaction 

between quinoline and alkyl bromides and their cytotoxicity was evaluated using the MTS cell 

viability assay. The most potent of the series, 14, was found to effectively decrease the cell 

viability of HeLa cells with an IC50 of 5.39 ± 0.22 μM. Next, a series of substituted 

quinolinium-based ILs were synthesised. ILs substituted on the C-2 position were unable to be 

synthesised due to steric hindrance, hence ILs substituted on the C-3 position (29-32) were 

prepared. The MTS IC50 concentrations of 29-32 ranged from 3.80 ± 0.04 µM to 7.81 ± 0.97 

µM, which is similar to the unsubstituted analogue 14 and suggests that headgroup substitution 

does not significantly affect cytotoxicity. The diversity of substituents included in the 

quinolinium series was limited and to develop a more robust SAR a pyridinium-based IL series 

(35-44) was prepared and assessed for cytotoxicity. From this series it was shown that 

substituent lipophilicity and electronic properties did not affect cytotoxicity whilst the 

hydrogen bond donating capacity of the substituent produced higher IC50 values. Thus, ILs 39 

and 41, which are substituted with -OH and -CONH2, were shown to reduce HeLa cell viability 

with IC50 concentrations of 2-3 fold higher than other ILs in the series. The lower cytotoxicity 

of these ILs was attributed to their diminished capacity to disrupt and permeabilise lipid 

bilayers, as established in tBLM assays. 

 

Combined, these studies provide new insights into the mechanism by which ILs induce 

toxicity and the SAR governing IL cytotoxicity. It is anticipated that these findings will assist 



82 
 

in the design of safe ILs that can be used as environmentally friendly alternatives to organic 

solvents in industrial processes and applications.   

 

4.2 Future directions  

Whilst this study has evaluated the cytotoxic properties of aromatic ILs, there are still 

some interesting aspects of cytotoxicity that remain unexplored. Firstly, further experiments 

are required to understand how hydrogen-bond donating substituents reduce the capacity of ILs 

to kill cells and disrupt lipid bilayers. The substituents are likely forming hydrogen bonds with 

phosphate groups in the lipid membrane, and molecular dynamics (MD) simulations could be 

used to provide some insights into the prevailing binding networks. Identification of the 

hydrogen bond acceptor from MD could then be confirmed by tBLM studies using structurally 

modified lipids. The reductions in cytotoxicity produced were relatively minor, and further 

reductions may be achieved through different substitution patterns (ortho or para), as well as 

di- or tri substitution. Access to some of these ILs will require new synthetic strategies as the 

corresponding substituted pyridines are not commercially available. Next, the mitochondrial 

actions of these ILs must be investigated to determine whether the trends observed in tBLM 

studies are also observed in mitochondrial assays such as JC-1. 

 

Finally, the link between the mitochondrial effects observed in Chapter 2 and cell 

death should be strengthened. The cell death pathway (apoptosis) induced by the ILs can be 

established through Annexin V/propidium iodide staining, which could be used to determine if 

ILs induce cell death through necrosis or apoptosis. To determine if ROS production is critical 

to cell death, co-treatment of cells with the IL and an antioxidant can be performed. 

Additionally, a larger variety of cell types should be used to provide a more robust evaluation 

of the cytotoxicity and selectivity of the ILs tested. 
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Chapter 5 - Experimental 

5.1 Experimental procedures - Chemistry 

Materials and general procedures 

All chemical reagents, analytical grade solvents, [C4Py][Br], [C4MIM][Br], 

[C4TMA][Br] and [C10TMA][Br] were purchased from Sigma Aldrich (Castle Hill, NSW, 

Australia), Chem-Supply (Port Adelaide, SA, Australia) or Fluorochem (Derbyshire, United 

Kingdom). The purity of all test compounds was confirmed to be ≥ 95% by absolute 

quantitative 1H nuclear magnetic resonance (qNMR) spectroscopy. Reactions were monitored 

by thin-layer chromatography (TLC) using silica gel 60 F254 plates. TLC plates were 

visualised with UV light and potassium permanganate TLC stain. 1H and 13C NMR spectra 

were acquired using an Agilent and/or Bruker 500 MHz spectrometer (500.13 MHz for 1H and 

125.76 MHz for 13C) in deuterated chloroform (CDCl3) unless otherwise specified. Melting 

point determination was preformed using Stuart automatic melting point. High- resolution mass 

spectroscopy (HRMS) was performed on an Agilent 6510 Accurate-Mass Q-TOF Mass 

Spectrometer equipped with an ESI source. 

 

5.2 Ionic liquids  

5.2.1 General Procedure for synthesis of Ionic liquids in Library 1 

Where commercial analogues were unavailable, the desired compounds were 

synthesised by addition of the alkyl bromide (5 mmol) and appropriate heterocycle (Pyridine, 

Quinoline, Imidazole) (5 mmol) and heated at 140 °C for 24 hours. The reaction mixture was 

cooled to room temperature and the resulting crude products were purified by one of the 

following methods: 

Method 1 – Crude solids were triturated with hexane. The solids were then dissolved in 

a minimum volume of chloroform, and diethyl ether was added dropwise until precipitation. 
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1-Decyl-3-methylimidazolium bromide ([C10Mim][Br]) obtained as a colourless liquid. 

Product formed by method 1. Yield = 96 %. 1H NMR (CDCl3): δ 10.46 (s, 1H), 7.45 (t, J = 1.5 

Hz, 1H), 7.32 (t, J = 2 Hz, 1H), 4.30 (t, J = 7.5 Hz, 2H), 4.12 (s, 3H), 1.86-1.94 (m, 2H), 1.18-

1.37 (m, 14H), 0.86 (t, J = 7.5 Hz, 3H). 13C NMR (CDCl3): δ 137.36, 123.68, 121.51, 60.45, 

36.75, 31.79, 30.29, 29.41, 29.33, 29.20, 28.96, 26.23, 22.61, 14.07. HRMS (ESI) m/z [M+H]+ 

calculated for C14H27N 223.2163; found 223.2177. Purity by Q-NMR = 99.3 %. 

 

 

1-Butylquinolinium bromide ([C4Quin][Br]) obtained as a brown solid. Product formed by 

method 2. Yield = 93 %. Mp = 159.3 °C. 1H NMR (CDCl3): δ 10.63 (d, J = 5.5 Hz, 1H), 9.00 

(d, J = 8 Hz, 1H), 8.30-8.35 (m, 2H), 8.21 (t, J = 7.5 Hz, 2H), 7.97 (t, J = 8 Hz, 1H), 5.42 (t, J 

= 7.5 Hz, 2H), 2.10 (pentet, J = 8 Hz 2H), 1.57 (sext, J = 8 Hz, 2H), 1.01 (t, J = 7.5 Hz, 3H). 

13C NMR (CDCl3): δ 150.48, 147.25, 137.67, 136.06, 131.18, 130.20, 129.71, 122.61, 118.40, 

58.01, 32.26, 19.81, 13.63. HRMS (ESI) m/z [M]+ calculated for C13H16BrN 186.1272; found 

186.1280. Purity by Q-NMR = 95.1 %. 

 

 

N
+



86 
 

 

1-Decylquinolinium bromide ([C10Quin][Br]) obtained as a brown solid. Product formed by 

method 2. Yield = 81 %. Mp = 53.4 °C. 1H NMR (CDCl3): δ 8.93 (dd, J =1.5, 4  Hz, 1H), 8.17 

(d, J = 8.5 Hz, 1H), 8.12 (d, J = 8 Hz, 1H), 7.83 (d, J = 8 Hz, 1H), 7.73 (t, J = 8 Hz, 1H), 7.56 

(t, J = 8 Hz, 1H), 7.41 (dd, J = 4.5, 8.5 Hz, 1H), 3.41 (t, J = 7 Hz, 2H), 1.85 (pent, J = 8 Hz, 

2H), 1.20-1.34 (m, 14H), 0.88 (t, J = 7 Hz, 3H). 13C NMR (CDCl3): δ 150.59, 147.16, 137. 65, 

135.94, 131.17, 130.15, 129.72, 122.72, 118.30, 58.25, 31.79, 30.41, 29.43, 29.33, 29.20, 

29.15, 26.50, 22.62, 14.09. HRMS (ESI) m/z [M]+ calculated for C19H28N 270.2211; found 

270.2217. Purity by Q-NMR = 97.9 %. 

 

5.2.2 Procedure for the synthesis of [C4MeQuin][I]   

Quinaldine (1 mmol) was heated with 1-Iodobutane (5 mmol) at 140 °C for 24 hours in 

a sealed pressure tube. The crude mixture was cooled to room temperature and the resulting 

solid was triturated with hexane and then diethyl ether to afford pure product.  

 

 

 

 

 

N+
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1-butyl-2-methylquinolinium iodide ([C4MeQuin][I]) obtained as a  black solid. Yield = 48 

%. Mp = 156.9 °C. 1H NMR (DMSO): δ 9.10 (d, J = 11 Hz, 1H), 8.58 (d, J = 10 Hz, 1H), 

8.25-8.21 (m, 1H), 8.12 (d, J = 11 Hz, 1H), 7.99 (t, J = 9 Hz, 1H), 4.92 (t, J = 10 Hz, 2H), 

3.12 (s, 3H), 1.89 (pentet, J = 10 Hz 2H), 1.59 (sext, J = 9 Hz, 2H), 0.99 (t, 9 Hz, 3H). 13C 

NMR (CDCl3): δ 161.06, 146.14, 138.75, 135.77, 131.09, 129.52, 128.73, 126.05, 119.42, 

51.72, 30.47, 22.96, 19.77, 14.00. HRMS (ESI) m/z [M]+ calculated for C14H18N 200.1428; 

found 200.1432. Purity by Q-NMR = 98.2 %. 

 

5.2.3 Procedure for anion exchange 

[C10Mim][[BF4] and [C10Mim][CH3SO3-] were prepared by a metathesis reaction 

between [C10Mim][Br] and saturated solutions of sodium tetrafluoroborate (NaBF4) and 

sodium trifluoromethanesulfonate (CF3NaO3S) respectively. The precipitate was collected 

with vacuum filtrations and washed then dried under vacuum. 

 

5.3 General Procedure for synthesis of Ionic liquids with varying N-alkyl chain length of 

Quinolonium 

The desired compounds were synthesised by addition of the appropriate 1-Bromoalkyl 

(5 mmol) and the commercially available quinoline heterocycle (5 mmol) and were heated at 

140 °C for 24-96 hours. The crude solid was cooled to room temperature and triturated with 

hexane. The solids were then dissolved in a minimum volume of chloroform, and diethyl ether 

was added dropwise until precipitation formed. The resultant solid was then collected using 

N
+
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vacuum filtration and used without further purification. 

 

 

1-Dodecylquinolinium bromide (12) obtained as a brown solid. Yield = 65 %. Mp = 86.5 °C. 

1H NMR (CDCl3): δ 10.52-10.53 (m, 1H), 9.06 (d, J =10.5 Hz, 1H), 8.32-8.36 (m, 2H), 8.18-

8.23 (m, 2H), 7.97 (t, J = 9.5 Hz, 1H), 5.39 (t, J = 9.5 Hz, 2H), 2.10 (pent, J = 10 Hz, 2H), 

1.51 (pent, J = 10 Hz, 2H), 1.22-1.35 (m, 16H), 0.86 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 

150.73, 147.04, 137.68, 135.94, 131.14, 130.16, 130.01, 122.73, 118.28, 58.26, 31.88, 30.44, 

29.57, 29.50, 29.36, 29.31, 29.17, 26.53, 22.67, 14.11. HRMS (ESI) m/z [M]+ calculated for 

C21H32N 298.4849; found 298.4851. Purity by Q-NMR = 95.9 %. 

 

 

1-tetradecylquinolinium bromide (13) obtained as a brown solid. Yield = 87%. Mp = 107.1 

°C. 1H NMR (CDCl3): δ 10.44 (d, J =6.5 Hz, 1H), 9.15 (d, J = 10 Hz, 1H), 8.38 (d, J = 11 Hz, 

2H), 8.17-8.22 (m, 2H), 7.94 (t, J = 10 Hz, 1H),  5.38 (t, J = 10 Hz, 2H), 2.03-2.11 (m, 2H), 

1.45-1.51 (m, 2H), 1.18-1.32 (m, 20H), 0.84 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 150.52, 

147.24, 137.65, 135.99, 131.20, 130.16, 130.0, 129.71, 122.65, 118.32, 58.24, 31.89, 30.43, 

29.64, 29.61, 29.57, 29.50, 29.35, 29.32, 29.17, 26.51, 22.66, 14.10. HRMS (ESI) m/z [M]+ 

calculated for C23H36N 326.5381; found 326.5378. Purity by Q-NMR = 98.5 %. 

 

N
+

N
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1-hexadecylquinolinium bromide (14) obtained as a purple solid. Yield = 70 %. Mp = 109.2 

°C. 1H NMR (CDCl3): δ 10.40 (d, J =7 Hz, 1H), 9.18 (d, J = 10.5 Hz, 1H), 8.38 (d, J = 11 Hz, 

2H), 8.15-8.21 (m, 2H), 7.93 (t, J = 9 Hz, 1H), 5.36 (t, J = 9.5 Hz, 2H), 2.06 (pent, J = 10 Hz, 

2H), 1.46 (pent, J = 10 Hz, 2H), 1.17-1.29 (m, 24H), 0.82 (t, J = 8.5 Hz, 3H). 13C NMR 

(CDCl3): δ 150.40, 147.34, 137.64, 136.02, 131.23, 130.17, 130.02, 129.69, 122.60, 118.33, 

58.23, 31.88, 30.42, 29.65, 29.62, 29.60, 29.56, 29.50, 29.35, 29.32, 29.16, 26.50, 22.65, 14.10.  

HRMS (ESI) m/z [M]+ calculated for C25H40N 354.5913; found 354.5947. Purity by Q-NMR = 

97.3 %. 

 

 

1-octadecylquinolinium bromide (15) obtained as a purple solid. Yield = 57 %. Mp = 113.8 

°C. 1H NMR (CDCl3): δ 10.44 (d, J =7 Hz, 1H), 9.15 (d, J = 10.5 Hz, 1H), 8.37 (d, J = 10.5 

Hz, 2H), 8.22-8.17 (m, 2H), 7.94 (t, J = 9.5 Hz, 1H), 5.38 (t, J = 9.5 Hz, 2H), 2.03-2.11(m, 

2H), 1.43-1.51 (m, 2H), 1.18-1.32 (m, 28H), 0.84 (t, J = 8.5 Hz, 3H). 13C NMR (CDCl3): δ 

150.52, 147.23, 137. 65, 135.97, 131.19, 130.15, 130.01, 129.71, 122.66, 118.33, 58.23, 31.90, 

30.43, 29.68, 29.64, 29.62, 29.58, 29.51, 29.36, 29.34, 29.17, 26.51, 22.67, 14.11. HRMS (ESI) 

m/z [M]+ calculated for C27H44N 382.6444; found 382.6460. Purity by Q-NMR = 95.7 %. 

 

N
+

N
+



90 
 

 

1-eicosylquinolinium bromide (16) obtained as a brown solid. Yield = 74 %. Mp = 114.6 °C. 

1H NMR (CDCl3): δ 10.51 (d, J =6 Hz, 1H), 9.09 (d, J = 10.5 Hz, 1H), 8.33- 8.37 (m, 2H), 

8.18- 8.22 (m, 2H), 7.96 (t, J= 9.5 Hz, 1H), 5.39 (t, J = 9.5 Hz, 2H), 2.09 (pent, J = 10 Hz, 

2H), 1.46-1.53 (m, 2H), 1.21-1.34 (m, 32 H), 0.86 (t, J = 14 Hz, 3H). 13C NMR (CDCl3): δ 

150.77, 147.01, 137.67, 135.90, 131.13, 130.13, 130.00, 122.75, 118.28, 58.24, 31.92, 30.45, 

29.65, 29.64, 29.59, 29.52, 29.37, 29.36, 29.18, 26.53, 22.68, 14.12. HRMS (ESI) m/z [M]+ 

calculated for C29H48N 410.6976; found 410.6971. Purity by Q-NMR = 99.2 %. 

 

 

 

1-docosylquinolinium bromide (17) obtained as a brown solid. Yield = 57 %. Mp = 105 °C. 

1H NMR (CDCl3): δ 10.49 (d, J =7 Hz, 1H), 8.13 (d, J = 10 Hz, 1H), 8.35- 8.39 (m, 2H), 8.17- 

8.22 (m, 2H), 7.95 (t, J = 10 Hz, 1H), 5.39 (t, J = 9.5 Hz, 2H), 2.08 (pent, J = 10 Hz, 2H), 1.48 

(pent, J = 10 Hz, 2H), 1.20- 1.33 (m, 36 H), 0.85 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 

150.63, 147.14, 137. 67, 135.94, 131.16, 130.14, 130.00, 122.68, 118.32, 58.23, 31.91, 30.45, 

29.70, 29.64, 29.59, 29.52, 29.37, 29.35, 29.18, 26.52, 22.68, 14.11. HRMS (ESI) m/z [M]+ 

calculated for C31H52N 438.7507; found 438.7504. Purity by Q-NMR = 100.0 %. 
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3-methyl-1-hexadecylquinolinium iodide (29) obtained as a yellow solid. Yield = 82 %. Mp 

= 144.5 °C. 1H NMR (CDCl3): δ 10.33 (s, 1H), 8.75 (s, 1H), 8.25 (d, J = 11 Hz, 1H), 8.20 (d, 

J = 10 Hz, 1H), 8.09- 8.13 (m, 1H), 7.90 (t, J = 9.5 Hz, 1H), 5.26 (t, J = 9.5 Hz, 2H), 2.82 (s, 

3H), 2.10 (pent, J = 10 Hz, 2H), 1.51 (pent, J =10 Hz, 2H), 1.31- 1.39 (m, 2 H), 1.22-1.30 (m, 

22 H), 0.86 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 150.81, 145.88, 136.12, 134.78, 133.39, 

130.23, 130.00, 129.87, 117.92, 57.99, 31.92, 30.35, 29.69, 29.68, 29.66, 29.64, 26.61, 29.53, 

29.38, 29.36, 29.16, 26.55, 22.69, 18.68, 14.13. HRMS (ESI) m/z [M]+ calculated for C26H42N 

368.6178; found 368.6164. Purity by Q-NMR = 97.9 %. 

 

 

3-(trifluoromethyl)-1-hexadecylqinolinium iodide (30) obtained as an orange solid. Yield = 

13 %. Mp = 130.7 °C. 1H NMR (CDCl3): δ 10.49 (s, 1H), 9.36 (s, 1H), 8.59 (d, J = 11 Hz, 1H), 

8.53 (d, J = 10 Hz, 1H), 8.39- 8.43 (m, 1H), 8.12 (t, J = 9.5 Hz, 1H), 5.56 (t, J = 9.5 Hz, 2H), 

2.14 (pent, J = 10 Hz, 2H), 1.53 (pent, J =10 Hz, 2H), 1.31- 1.38 (m, 2 H), 1.23-1.29 (m, 22 

H), 0.87 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 146.49, 144.40, 139. 09, 138.76, 132.20, 

131.71, 129.19, 125.19, 124.82, 122.71, 119.98, 119.33, 59.79, 31.93, 30.53, 29.70, 29.68, 

29.64, 29.60, 29.52, 29.36, 29.14, 26.52, 22.70, 14.13. HRMS (ESI) m/z [M]+ calculated for 

C26H39N 422.5892; found 422.5880. Purity by Q-NMR = 99.8 %. 
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3-Chloro-1-hexadecylquinolonium iodide (31) obtained as a yellow solid. Yield = 54 %. Mp 

= 154.2 °C. 1H NMR (CDCl3): δ 10.40 (s, 1H), 9.06 (s, 1H), 8.42 (d, J = 11 Hz, 1H), 8.32 (d, 

J = 10 Hz, 1H), 8.19- 8.24 (m, 1H), 7.99 (t, J = 9.5 Hz, 1H), 5.40 (t, J = 9.5 Hz, 2H), 2.12 

(pent, J = 10 Hz, 2H), 1.52 (pent, J =10 Hz, 2H), 1.31- 1.37 (m, 2 H), 1.23-1.30 (m, 22 H), 

0.87 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 148.91, 145.09, 136.49, 136.16, 131.18, 130.38, 

130.00, 129.12, 118.74, 58.93, 31.93, 30.40, 29.70, 29.60, 29.53, 29.37, 29.16, 26.53, 22.69, 

14.13. HRMS (ESI) m/z [M]+ calculated for C25H39N 389.0363; found 389.0399. Purity by Q-

NMR = 99.6 %. 

 

 

1-hexadecyl-3-methoxyquinolinium iodide (32) obtained as a yellow solid. Yield = 85 %. 

Mp = 102.3 °C. 1H NMR (CDCl3): δ 9.90 (d, J = 3.5 Hz, 1H), 8.71 (d, J = 3 Hz, 1H), 8.36 (d, 

J = 9.5 Hz, 1H), 8.21 (d, J = 11.5 Hz, 1H), 7.94-7.98 (m, 1H), 7.83 (t, J = 9.5 Hz, 1H), 5.33 

(t, J = 9.5 Hz, 2H), 4.20 (s, 3H), 2.07 (pent, J = 10 Hz, 2H), 1.48 (pent, J = 10 Hz, 2H), 1.20-

1.34 (m, 24H), 0.85 (t, J = 9 Hz, 3H), 13C NMR (CDCl3): δ 153.04, 141.16, 133.47, 132.92, 

130.85, 130.30, 130.08, 126.74, 117.87, 58.95, 58.57, 31.91, 30.41, 29.67, 29.54, 29.62, 29.59, 

29.53, 29.36, 29.34, 29.15, 26.41, 22.68, 14.12. HRMS (ESI) m/z [M]+ calculated for C26H42NO 

384.6172; found 384.6162. Purity by Q-NMR = 97.1 %. 
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5.6 Procedure for synthesis of Pyridinium Ionic liquids 

A solution of 1-Bromohexadecane (5 mmol) and the pyridine heterocycle (5 mmol) in 

acetonitrile were refluxed for 24 hours. The reaction mixture was then cooled to room 

temperature and the resulting crude solid was triturated with hexane and diethyl ether. The 

resultant solid was then collected using vacuum filtration and used without further purification. 

 

 

1-hexadecylpyridinium bromide (34) obtained as a white solid. Yield = 86 %. Mp = 105.1 

°C. 1H NMR (CDCl3) δ 9.47 (d, J= 7 Hz, 2H), 8.51 (t, J= 9.5 Hz, 1H), 8.13 (t, J= 9 Hz, 2H), 

5.00 (t, J= 9 Hz, 2H), 2.03 (quin, J= 9 Hz, 2H), 1.36-1.22 (m, 26H), 0.86 (t, J= 9 Hz, 3H). 13C 

NMR (125.76 Hz) d 145.14, 145.08, 128.43, 62.28, 32.03, 31.92, 29.69, 29.66, 29.60, 29.36, 

29.07, 26.09, 22.69, 14.12; HRMS (ESI) m/z [M]+ calculated for C21H38N 304.5326; found 

304.5302. Purity by Q-NMR = 99.1 %. 

 

5.7 General Procedure for the synthesis of substituted Pyridinium Ionic liquids  

A solution of 1-Iodohexadecane (5 mmol) and the appropriate substituted pyridine 

heterocycle (5 mmol) in acetonitrile were refluxed for 24 hours. The reaction mixture was 

cooled to room temperature and the resulting crude products were purified by one of the 

following methods: 

Method 1 –The crude solid were triturated with hexane and diethyl ether. The resultant 

solid was then collected using vacuum filtration and used without further purification. 

Method 2 – The crude solid were triturated with hexane and ethyl acetate then the 

resulting solids was dissolved in a minimum volume of chloroform, and diethyl ether was 

added dropwise until precipitation formed. The solid was then collected using vacuum filtration 

N
+
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and used without further purification. 

Method 3 – The crude solid were triturated with chloroform and the resultant solid was 

then collected using vacuum filtration and used without further purification. 

 

 

1-hexadecyl-3-methylpyridinium iodide (35) obtained as a purple solid. Yield = 94 %. Mp = 

90.3 °C. Product purified by method 1. 1H NMR (CDCl3) δ 9.28 (s, 1H), 9.12 (d, J= 7.5 Hz, 

1H), 8.27 (d, J= 10 Hz, 1H), 8.01 (t, J= 7.5 Hz, 1H), 4.88 (t, J= 9.5 Hz, 2H), 2.65 (s, 3H), 

2.06-1.99 (m, 2H), 1.39-1.22 (m, 26H), 0.86 (t, J= 9 Hz, 3H). 13C NMR (125.76 Hz) d 145.83, 

144.41, 142.01, 139.73, 127.83, 62.03, 31.92, 31.87, 29.70, 29.66, 29.61, 29.53, 29.36, 29.07, 

26.08, 22.69, 18.84, 14.13; HRMS (ESI) m/z [M]+ calculated for C22H40N 318.5592; found 

318.5557. Purity by Q-NMR = 99.1 %. 
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3-Ethyl-1-hexadecylpyridinium iodide (36) obtained as a brown solid. Yield = 82 %. Mp = 

74.2 °C. Product purified by method 1. 1H NMR (CDCl3) δ 9.19 (s, 1H), 9.16 (d, J= 7.5 Hz, 

1H), 8.27 (d, J= 10 Hz, 1H), 8.03 (t, J= 7.5 Hz, 1H), 4.93 (t, J= 9.5 Hz, 2H), 2.98 (q, J= 9.5 

Hz, 2H), 2.04 (quin, J= 9.5 Hz, 2H), 1.40 (t, J= 9.5 Hz, 3H), 1.36-1.23 (m, 26H), 0.87 (t, J= 9 

Hz, 3H). 13C NMR (125.76 Hz) d 145.51, 144.51, 143.82, 142.23, 128.01, 62.26, 31.97, 31.93, 

29.70, 29.66, 29.61, 29.52, 29.36, 29.07, 26.12, 22.69, 14.41, 14.13; HRMS (ESI) m/z [M]+ 

calculated for C23H42N 332.5857; found 332.5814. Purity by Q-NMR = 102.4 %. 

 

 

1-hexadecyl-3-methoxypyridinium iodide (37) obtained as a yellow solid. Yield = 74 %. Mp 

= 99.8 °C. Product purified by method 1. 1H NMR (CDCl3) δ 9.24 (s, 1H), 8.80-8.78 (m, 1H), 

8.01-7.96 (m, 2H), 4.98 (t, J= 9.5 Hz, 2H), 4.18 (s, 3H), 2.03 (quin, J= 9 Hz, 2H), 1.40-1.22 

(m, 26H), 0.86 (t, J= 9 Hz, 3H). 13C NMR (125.76 Hz) d 158.81, 137.11, 131.57, 131.49, 

128.48, 62.44, 59.00, 32.08, 31.92, 29.70, 29.66, 29.61, 29.54, 29.38, 29.36, 29.10, 26.01, 

22.69, 14.13; HRMS (ESI) m/z [M]+ calculated for C22H40NO 334.5586; found 334.5570. 

Purity by Q-NMR = 100.8 %. 
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3-chloro-1-hexadecylpyridinium bromide (38) obtained as a gold solid. Yield = 64 %. Mp = 

103.6 °C. Product purified by method 1. 1H NMR (CDCl3) δ 9.50 (d, J= 7.5 Hz, 1H), 9.35 (s, 

1H), 8.50-8.47 (m, 1H), 8.26-8.22 (m, 1H), 5.01 (t, J= 9.5 Hz, 2H), 2.05 (quin, J= 9 Hz, 2H), 

1.42-1.23 (m, 26H), 0.86 (t, J= 9Hz, 3H). 13C NMR (125.76 Hz) d 145.28, 143.91, 143.39, 

135.85, 129.36, 62.76, 31.93, 31.76, 29.70, 29.66, 29.61, 29.52, 29.36, 29.06, 26.03, 22.69, 

14.13; HRMS (ESI) m/z [M]+ calculated for C21H37NCl 338.9773; found 338.9752. Purity by 

Q-NMR = 100.4 %. 

 

 

1-hexadecyl-3-hydroxypyridinium iodide (39) obtained as a white solid. Yield = 80 %. Mp 

= 93 °C. Product purified by method 2. 1H NMR (CDCl3): δ 8.93 (s, 1H), 8.32 (d, J = 7.5 Hz, 

1H), 8.24 (dd, J = 2, 11 Hz, 1H), 7.83 (dd, J = 12, 15.5 Hz, 1H), 4.62 (t, J = 9.5 Hz, 2H), 2.01 

(pent, J = 10 Hz, 2H), 1.34-1.29 (m, 4H), 1.23-1.29 (m, 22 H), 0.86 (t, J = 9 Hz, 3H). 13C NMR 

(CDCl3): δ 157.70, 134.85, 132. 71, 128.53, 62.65, 31.92, 31.52, 29.70, 29.66, 29.61, 29.51, 

29.36, 29.00, 26.11, 22.69, 14.13. HRMS (ESI) m/z [M]+ calculated for C21H38NO 320.5320; 

found 320.5353. Purity by Q-NMR = 100.6 %.  
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3-(aminocarbonyl)-1-hexadecylpyridinium iodide (41) obtained as a yellow solid. Yield = 

82 %. Mp = 70.2 °C. Product purified by method 3. 1H NMR (DMSO) δ 9.47 (br. s, 1H), 9.19 

(d, J= 7.5 Hz, 1H), 8.92 (d, J= 10 Hz, 1H), 8.53 (br. s, 1H), 8.28-8.25 (m, 1H), 8.16 (br. s, 1H), 

4.64 (t, J= 9.5 Hz, 2H), 1.95-1.92 (m, 2H), 1.28-1.23 (m, 26H), 0.85 (t, J= 9 Hz, 3H). 13C 

NMR (125.76 Hz, DMSO) d 163.31, 146.81, 145.24, 143.72, 134.37, 128.33, 61.66, 31.75, 

31.11, 29.51, 29.46, 29.38, 29.23, 29.16, 28.86, 25.87, 22.56, 14.43; HRMS (ESI) m/z [M]+ 

calculated for C22H39N2O 347.5573; found 347.5561. Purity by Q-NMR = 101.3 %. 

 

 

3-(methoxycarbonyl)-1-hexadecylpyridinium iodide (42) obtained as a yellow solid. Yield 

= 26 %. Mp = 70.2 °C. Product purified by method 1. 1H NMR (CDCl3): δ 9.87 (d, J =7.5  Hz, 

1H), 9.43 (s, 1H), 8.96 (d, J = 10 Hz, 1H), 8.40 (t, J = 5 Hz, 1H), 5.06 (t, J =9.5 Hz, 2H), 4.05 

(s, 3H), 2.08 (pent, J = 10 Hz, 2H), 1.32-1.42 (m, 4H), 1.22-1.31 (m, 22 H), 0.85 (t, J = 9 Hz, 

3H). 13C NMR (CDCl3): δ 161.48, 148.69, 145.29, 145.06, 130.50, 129.27, 63.12, 54.02, 31.91, 

31.68, 29.69, 29.65, 29.59, 29.51, 29.35, 29.05, 26.04, 22.68, 14.12. HRMS (ESI) m/z [M]+ 

calculated for C23H40NO2 362.5687; found 362.5654. Purity by Q-NMR = 97.5 %. 
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3-[(dimethylamino)carbonyl]-1-hexadecylpyridinium iodide (43) obtained as a yellow 

solid. Yield = 91 %. Mp = 83.4 °C. Product purified by method 1. 1H NMR (CDCl3) δ 9.36 (d, 

J = 7.5 Hz, 1H), 9.10 (s, 1H), 8.51 (t, J = 10 Hz, 1H), 8.21-8.24 (m, 1H), 4.96 (t, J = 9.5 Hz, 

2H), 3.21 (s, 3H), 3.14 (s, 3H), 2.04 (quin, J = 10 Hz, 2H), 1.42-1.24 (m, 26H), 0.87 (t, J = 9 

Hz, 3H). 13C NMR (125.76 Hz) d 145.14, 145.08, 128.43, 62.28, 32.03, 31.92, 29.69, 29.66, 

29.60, 29.36, 29.07, 26.09, 22.69, 14.12; HRMS (ESI) m/z [M]+ calculated for C24H43N2O 

375.6105; found 375.6124. Purity by Q-NMR = 100.7 %. 

 

 

3-acetyl-1-hexadecylpyridinium iodide obtained as a yellow solid. Yield = 53 %. Mp = 86.1 

°C. Product purified by method 1. 1H NMR (CDCl3) δ 9.85 (s, 1H), 9.58 (d, J= 7.5 Hz, 1H), 

9.02 (d, J= 10 Hz, 1H), 8.03 (t, J= 7.5 Hz, 1H), 5.09 (t, J= 9.5 Hz, 2H), 2.91 (s, 3H), 2.07 

(quin, J= 10 Hz, 2H), 1.42-1.22 (m, 26H), 0.86 (t, J= 9 Hz, 3H). 13C NMR (125.76 Hz) d 

192.63, 147.68, 145.03, 144.26, 135.66, 128.92, 62.73, 31.92, 29.70, 29.66, 29.61, 29.53, 

29.37, 29.07, 28.50, 26.08, 22.69, 14.13; HRMS (ESI) m/z [M]+ calculated for C23H40NO 

346.5693; found 346.5680. Purity by Q-NMR = 99.3 %. 
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3-(trifluoromethyl)-1-hexadecylqinolinium iodide obtained as an orange solid. Yield = 13 

%. Mp = 130.7 °C. Product purified by method 1. 1H NMR (CDCl3): δ 10.49 (s, 1H), 9.36 (s, 

1H), 8.59 (d, J = 11 Hz, 1H), 8.53 (d, J = 10 Hz, 1H), 8.39- 8.43 (m, 1H), 8.12 (t, J = 9.5 Hz, 

1H), 5.56 (t, J = 9.5 Hz, 2H), 2.14 (pent, J = 10 Hz, 2H), 1.53 (pent, J =10 Hz, 2H), 1.31- 1.38 

(m, 2 H), 1.23-1.29 (m, 22 H), 0.87 (t, J = 9 Hz, 3H). 13C NMR (CDCl3): δ 146.49, 144.40, 

139. 09, 138.76, 132.20, 131.71, 129.19, 125.19, 124.82, 122.71, 119.98, 119.33, 59.79, 31.93, 

30.53, 29.70, 29.68, 29.64, 29.60, 29.52, 29.36, 29.14, 26.52, 22.70, 14.13. HRMS (ESI) m/z 

[M]+ calculated for C26H39N 422.5892; found 422.5880. Purity by Q-NMR = 99.8 %. 

 

5.8 Procedure for synthesis of 3-(trifluoromethyl)-1-hexadecylpyridinium iodide 

A mixture of 1-Iodohexadecane (5 mmol) and 3-(trifluoromethyl)pyridine (5 mmol) in 

acetonitrile were heated at 100 °C for 24 hours in a screw top pressure tube. The reaction 

mixture was cooled to room temperature and the crude solid were triturated with hexane and 

diethyl ether. The resultant solid was then collected using vacuum filtration and used without 

further purification. 
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3-(trifluoromethyl)-1-hexadecylpyridinium iodide (40) obtained as a yellow solid. Yield = 

75 %. Mp = 111.1 °C. 1H NMR (CDCl3) δ 10.10 (d, J= 7.5 Hz, 1H), 9.35 (s, 1H), 8.70 (d, J= 

10 Hz, 1H), 8.48 (t, J= 9.5 Hz, 1H), 5.15 (t, J= 9.5 Hz, 2H), 2.11 (pent, J= 9.5 Hz, 2H), 1.47-

1.24 (m, 26H), 0.87 (t, J= 9 Hz, 3H). 13C NMR (125.76 Hz) d 149.21, 142.19, 141.85, 131.16, 

130.79, 130.02, 122.36, 119.63, 63.42, 31.92, 31.79, 29.70, 29.66, 29.60, 29.51, 29.26, 29.34, 

29.03, 26.03, 22.69, 14.12; HRMS (ESI) m/z [M]+ calculated for C22H37NF3 372.5305; found 

372.5317. Purity by Q-NMR = 101.0 %. 
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5.9 Experimental procedures - Biology 

General cell culture and cell-based assays 

HeLa cervical cancer cells were provided by Professor Michael Murray from the 

University of Sydney and grown at 37 °C in a humidified atmosphere of 5% CO2 in air in 

DMEM supplemented with 10% fetal bovine serum (Invitrogen, Life Technologies, Victoria, 

Australia). Confluent cells (80 – 90%) were harvested using Trypsin/EDTA after washing with 

PBS. Cells were treated with various concentrations of the test compounds in media (for C4-

ILs) or in media with 0.1% DMSO (for C10-ILs); matched control cells were treated media only 

or media with 0.1% DMSO. Dulbecco’s Modified Eagle Medium (DMEM), phosphate-

buffered saline (PBS), DMSO and general biochemical were purchased from Sigma-Aldrich 

(Castle Hill, NSW, Australia). Fetal bovine serum (FBS) and trypsin/EDTA were purchased 

from Invitrogen, Life Technologies (Victoria, Australia).   

 

Cell viability assay 

The ability of ILs to decrease the cell viability in HeLa cervical cancer cells was 

assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) in vitro cytotoxicity assay. Cells (HeLa and BEAS-2B) 

were seeded in 96-well plates (5 x 103 cells per well) and allowed to adhere overnight. The 

cells were then treated with various concentrations of ILs for 48 h. Control cells were treated 

with DMEM supplemented with 10% FBS and 0.1% DMSO. The cell viability was determined 

using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, USA) 

according to the manufacturer’s recommendation. The IC50 dose response curves were defined 

as the test compound concentrations which prevented cell growth of more than 50% (relative 

to the vehicle control) and were constructed using non- linear regression analysis with Prism 

8.4.2 (GraphPad Software, CA, USA). 
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Fluorescence microscopy 

HeLa cells were seeded on a 24-well glass bottom plate (1 x 104 cells/well) and allowed 

to adhere overnight. Cells were treated with [C4MeQuin][I] (500 nM) and stained with 

Hoechst (5 µM) and mitotracker deep red (100 nm) and then incubated (37 oC, 20 min). The 

cells were then washed twice with media, then the cells were incubated with 4% 

paraformaldehyde/PBS to fix the cells (37 oC, 20 min). The cells were washed twice with PBS 

prior to examination of the cells on a Nikon A1 laser scanning confocal microscope with a 60X 

Plan Apo (NA 1.4) objective. Hoechst 33342 stained nuclei were detected using a 405 nm laser 

and a 400-450 nm bandpass filter.  [C4MeQuin][I] labelled structures were detected with a 

458 nm laser and a 500-550 nm bandpass filter.  MitoTracker Deep Red labelled mitochondria 

were detected with a 640 nm laser and a 662-737 nm bandpass filter. 

 

Tethered bilayer lipid membranes     

Lipid bilayers were anchored across a gold electrode according to “T10” 

architecture168,169. This consists of 10% benzyl-disulfide (tetra-ethyleneglycol) n=2 C20-

phytanyl “tethering” molecules interspersed with 90% benzyl-disulfide-tetra-ethyleneglycol-

OH “spacer” molecules. Spacer and tether molcules are all coordinated onto a 2.1 mm2 gold 

tethering electrode. To these first layer chemistries were added a second layer of mobile phase 

lipid molecules of 3 mM 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Avanti Polar 

Lipids Inc., Alabaster, USA) which was left to incubate with the tethering molecules for exactly 

2 min before a rapid exchange of 3 x 400 μL 100 mM NaCl tris buffer induced the formation 

of a completed tBLM.  

 

Electrical impedance spectroscopy 

Swept frequency electrical impedance spectroscopy ranging from 0.1 Hz to 2000 Hz 
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was applied at 25 mV peak-to-peak, using a TethapodTM electrical impedance spectrometer 

(SDx Tethered Membranes Pty Ltd). Impedance and phase profiles were fitted to an equivalent 

circuit consisting of a constant phase element, representing the tethering gold electrode and 

reservoir region, in series with a resistor, to represent the impedance of the surrounding 

electrolyte solution, and a resistor/capacitor representing the lipid bilayer. Data fitting utilised 

a proprietary adaptation of a Levenberg–Marquardt fitting routine incorporated into the 

TethaQuickTM software (SDx Tethered Membranes Pty Ltd). 

 

Mitochondrial membrane potential (JC-1) assay   

HeLa cells were seeded in triplicate in black 96-well plates (1 x 104 cells/well) and 

allowed to adhere overnight. The cells were treated with ILs at their individual cell viability 

IC50 values for 1 h, control cells received DMEM with 10% FBS and 0.1% DMSO. Cells were 

incubated with the JC-1 dye in media with 10% FBS (37oC, 20 min) and the JC-1 red: green 

ratio was measured on the teacan plate reader. (JC-1 Mitochondrial Membrane Potential Assay 

Kit; Cayman Chemical, Ann Arbor, MI).  

 

ATP 

ATP formation was assessed in HeLa cells which were seeded in triplicate in black 96-

well plates (7.5 x 103 cells/well) and allowed to adhere overnight. Cells were treated with ILs 

at their respective cell viability IC50 concentration at various time points (0-4 hr) in DMSO 

(final concentration of 0.1 %), control cells were treated with 0.1% DMSO alone. CellTiter-

Glo solution was added to cells (RT, 30 min) and the luminescence was determined (CellTiter-

Glo® luminescent cell viability assay, Promega; Annandale, NSW, Australia).  

 

 



105 
 

ROS 

HeLa cells were seeded in triplicate in a 96-well black plate (2 x 104 cells/well) and 

allowed to adhere overnight. The following day cells were washed with 200 µL prewarmed 

PBS, then cells were incubated with 100 µL of DCFDA solution for 20 mins at 37 oC. Next, 

cells were treated with ILs at their individual cell viability IC50 values for 6 h and H2O2 (200 

µM, positive control) and ROS was measured on the teacan plate reader.  

 

Seahorse 

Mitochondrial function was measured by determining the OCR of cells with a Seahorse 

XF24 extracellular flux analyser (Seahorse Bioscience, MA, USA) according to the 

manufacturer’s protocol. HeLa cells were seeded in a 24-well XF cell culture microplates 

(2.5×104 cells per well) and allowed to adhere overnight (37 °C, 5% CO2). After 24 h, the 

culture media was replaced with buffered XF Base Medium supplemented with 2 mM L-

glutamine, 10 mM glucose and 2 mM sodium pyruvate at pH=7.4. The cells were incubated at 

37 °C without CO2 for an hour, and then, the OCR was measured utilising an XF Cell Mito 

Stress Test Kit (Seahorse Bioscience, MA, USA). Test compounds (final concentration at MTS 

IC50), oligomycin (final concentration 1 μM), carbonylcyanide m-chlorophenylhydrazone 

(FCCP-final concentration 2 μM) and rotenone/antimycin A (final concentration 0.5 μM) were 

added to the sensor cartridge, and the OCR was measured using a modified cycling program. 

 

Statistical analysis 

For in vitro assays, the data obtained was analysed using one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc analysis. P < 0.05 were accepted as being statistically 

significant. All statistical analyses were performed using GraphPad Prism version 8.4.2 
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(GraphPad Software, CA, USA). The results are expressed as the means ± SEM unless 

otherwise specified.  
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Chapter 6 - Appendix 

 

Figure 34 A)1H NMR spectrum of [C10Py][Br], B)13C NMR spectrum of [C10Py][Br]. 
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Figure 35 A)1H NMR spectrum of [C4Quin][Br], B)13C NMR of spectrum of [C4Quin][Br] 
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Figure 36 A)1H NMR spectrum of [C10Quin][Br], B)13C NMR of spectrum of 

[C10Quin][Br]. 
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Figure 37 A)1H NMR spectrum of [C4MeQuin][I], B)13C NMR of spectrum of 

[C4MeQuin][I]. 
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Figure 38 A)1H NMR spectrum of 12, B)13C NMR spectrum of 12. 
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Figure 39 A)1H NMR spectrum of 13, B)13C NMR spectrum of 13. 
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Figure 40 A)1H NMR spectrum of 14, B)13C NMR spectrum of 14. 
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Figure 41 A)1H NMR spectrum of 15, B)13C NMR spectrum of 15. 
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Figure 42 A)1H NMR spectrum of 16, B)13C NMR spectrum of 16. 
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Figure 43 A)1H NMR spectrum of 17, B)13C NMR spectrum of 17. 
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Figure 45 A)1H NMR spectrum of 29, B)13C NMR spectrum of 29. 
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Figure 46 A)1H NMR spectrum of 30, B)13C NMR spectrum of 30. 
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Figure 47 A)1H NMR spectrum of 31, B)13C NMR spectrum of 31. 
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Figure 48 A)1H NMR spectrum of 32, B)13C NMR spectrum of 32. 
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Figure 49 A)1H NMR spectrum of 34, B)13C NMR spectrum of 34. 

 

 



123 
 

 
Figure 50 A)1H NMR spectrum of 35, B)13C NMR spectrum of 35. 
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Figure 51 A)1H NMR spectrum of 36, B)13C NMR spectrum of 36. 
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Figure 52 A)1H NMR spectrum of 37, B)13C NMR spectrum of 37. 
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Figure 53 A)1H NMR spectrum of 38, B)13C NMR spectrum of 38. 
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Figure 54 A)1H NMR spectrum of 39, B)13C NMR spectrum of 39. 
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Figure 55 A)1H NMR spectrum of 40, B)13C NMR spectrum of 40. 
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Figure 56 A)1H NMR spectrum of 41, B)13C NMR spectrum of 41. 
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Figure 57 A)1H NMR spectrum of 42, B)13C NMR spectrum of 42. 
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Figure 58 A)1H NMR spectrum of 43, B)13C NMR spectrum of 43. 
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Figure 59 A)1H NMR spectrum of 44, B)13C NMR spectrum of 44. 
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