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Abstract 

Many ionic liquids (ILs), and their mixtures and solutions are amphiphilically nanostructured. Here we review 
recent advances towards understanding the nature of this nanostructure in ionic ILs and related mixtures and 
solutions, both in bulk and at or near macroscopic interfaces. We propose nanostructure is key for realising the 
designer solvent promise of ILs, and highlight its potential for translation to new generations of low-cost and 
environmentally sustainable cation and anion motifs for large-scale applications. 
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Introduction 

One of the most striking features of ionic liquids (ILs) is the widespread occurrence of amphiphilic 
nanostructure.[1, 2] Far more than simply being low melting-point salts, most  ILs are structurally 
heterogeneous on the nanoscale; the features of this structure are highly variable, but controllable through 
e.g., polar/apolar structure and composition, charge density, and H-bonding capacity of the cation and anion. 
This amphiphilic nanostructure is manifested in the bulk liquid as well as near macroscopic interfaces, affecting 
the physical properties of pure ILs, as well as their performance as solvents and in liquid mixtures. The ability 
to control properties via nanostructure through structural variation of cations and anions has prompted 
research spanning process technology, synthesis and catalysis, biotechnology, pharmaceutics, 
electrochemistry, analytics and functional materials.[3]  

X-ray and neutron scattering studies over the past decade have shown how the amphiphilicity of 
cations and anions determines the bulk structure of ILs.[4, 5]  Amphiphilic nanostructure arises when the alkyl 
chain (or other non-polar moiety) is too long to be accommodated by the charged groups, which in turn 
depends on the nature of the charged group. Thus, ILs with sterically hindered (e.g. N-alkyl-N-
methylpyrrolidinium) or delocalised (e.g. N-alkyl-N’-methylimidazolium) charges develop amphiphilic 
nanostructure above n-butyl chains,[6, 7] but the more localised and exposed charges of protic 
alkylammonium ILs lead to nanostructure even with ethyl chains.[8] Bulk amphiphilic nanostructure is 
controlled mainly by Coulombic forces expelling non-polar groups. Simple packing constraints, similar to those 
using in surfactant self-assembly, then determine the overall arrangement of polar and non-polar domains.[9] 
A dense H-bond network, once thought to be critical for amphiphilic nanostructure, is not necessary, and in 
fact H-bonding plays a secondary role to electrostatics even in protic ILs.[10, 11] This is underscored by the 
observation that the amphiphilic nanostructure of protic ILs is not found in their H-bonding molecular 
precursors, which are homogeneous.[12] ILs with a hydrocarbon cation and fluorocarbon anion have even 
more complex liquid nanostructure, consisting of segregated polar, hydrocarbon and fluorocarbon 
domains.[13, 14] Figure 1 shows how liquid nanostructure is affected by ion type for three representative 
protic ILs, with corresponding X-ray scattering patterns. 



 
Figure 1. Emergence of amphiphilic nanostructure in protic ILs, as determined from neutron diffraction and X-
ray scattering.[10, 15] Longer alkyl moieties on cations are expelled into nonpolar domains, with overall liquid 
nanostructure influenced by cation and anion structure, packing of polar/apolar sub-volumes, and H-bonding 

capacity 

AFM studies have shown the existence of distinct surface and near-surface amphiphilic 
nanostructures that differ from, but are related to the bulk structure, which can also be controlled by varying 
ion structure.[16] The bulk, isotropic nanostructure of the IL becomes increasingly anisotropic as the polar and 
non-polar domains align parallel to a macroscopic interface in response to geometric constraints, its charge, 
and its chemical composition. The structure of ILs near a solid surface is important for diverse applications 
from electrodeposition to lubrication.[17, 18] 

The existence of degrees of amphiphilic nanostructure renders ILs structurally more akin to 
microemulsions than conventional molecular solvents, which requires a paradigm shift beyond current ideas of 
uniform solvent polarity. Traditional methods based on a partition coefficient (logP) or a solvatochromic dye 
yield a single parameter describing an average solvent environment. The three-parameter Kamlet-Taft 
approach, which characterizes solvents according to their polarizability (π*), hydrogen-bond acidity (α) and 
hydrogen-bond basicity (β) is widely used to compare ILs to other green solvents.[19] Amphiphilic 
nanostructure disrupts the interpretation of such experiments due to selective solvation or partitioning of 
probes between polar and apolar domains within the IL itself. For example, partitioning studies of homologous 
series of poly(oxyethylene)-n-alkyl ether surfactants between ILs and octane showed that while the alkyl 
chains experienced a more-or-less average of the polar and non-polar environment, the ethoxy groups were 
exclusively located within the polar domains of IL nanostructure. Likewise, different choices of solvatochromic 
probe give rise to different polarity scales of ILs.[20] [21] 

With recent advances in computation methodologies, multi-scale studies of IL nanostructure are 
redefining the concept of solvent polarity.[22] Atomistic ab initio calculations, such as Density Functional 
Theory, probe intra- and intermolecular interactions in detail, with a computation capacity up to a few ion 
pairs. To explore IL structure at the nanoscale, methods such as Molecular Dynamics accommodate hundreds 
of ion pairs with statistical information on atom-atom pair correlations. Most neat ILs have domain sizes that 
fall within this length scale. However, if the system of interest includes dissolved polymer, surfactant self-
assembly structures, or dispersed nanoparticles, it is currently necessary to use coarse-grained methods with 
compromises on atomic resolution.  

X-ray and neutron scattering have proven to be powerful experimental tools for studying 
nanostructured ionic liquids with and without solutes.[4] However, the nanostructure of ILs is less-well defined 
than, for example, aqueous surfactant micelles, and cannot be accurately described by geometric models such 
as spheres, ellipsoids or bilayers. Flexible models or simulation methods to fit experimental data over wide 
length scales will emerge.  



The “green credentials” of many conventional (i.e. imidazolium) ILs have recently been subjected to 
well-deserved scrutiny. Their high synthesis cost and reliance on fluorous components compromises the 
advantages of negligible vapour pressure, and limits the potential for sustainable exploitation of the 
performance advantages of amphiphilic nanostructure. To achieve broad uptake, ILs must be both economical 
and environmentally-friendly. Instead of using aprotic ILs which typically cost over $50 kg-1, protic ILs can be as 
cheap as $1.25 kg-1, significantly lowering the industrial processing cost.[23] Adding a molecular co-solvent 
such as water or alcohols further reduces solvent cost, while preserving structural features and functionality of 
the neat IL. Moreover, ILs made from renewable starting materials are of environmental interest and with 
potential biomedical uses. These include amino-acid based ILs and the related but distinct deep eutectic 
solvents (DESs). 

In this context, it is important to note that some ILs, both aprotic and protic, have been shown to 
retain amphiphilic nanostructure in the presence of significant amounts of water.  Aggregation of cation alkyl 
tails, driven by preferential anion-water interactions, largely preserves liquid nanostructure up to at least 25 
wt% water in  imidizolium ILs.[24, 25] Protic ethylammonium nitrate-water mixtures (as well as 
ethylammonium formate-glycerol) at 50% v/v also exhibit amphiphilic nanostructure comparable with pure ILs, 
but with a modified structure due to the different polar/apolar volume fractions.[26, 27] Incorporation of the 
amphiphilic butanoate anion changes packing constraints, rendering the IL more like a catanionic surfactant. 
This affects how nanostructure changes on upon water dilution.[28] (At the limit, many long-chain analogues 
of ammonium, pyridinium and imidazolium ILs are of course cationic surfactants that form micelles in water.) 
Adding water into ILs reduces their cost, often with the additional benefit of lowering viscosity, thereby 
retaining or improving performance. Biomass pre-treatment is an important example of using ILs as a 
processing solvent, which involves water as a by-product, and therefore the chosen ILs must be water 
compatible.  

Other simple solutes can have surprisingly complex effects. For example, amphiphilic and non-
amphiphilic protic ILs have been shown to undergo starkly different, ion-specific, structural changes in the 
presence of dissolved salts.[29, 30] In ethylammonium nitrate for example, chloride weakens amphiphilic 
nanostructure by selectively binding to the ammonium charge centre. Lithium – solvated by the nitrate anion – 
weakens existing nanostructure but, perversely, induces it for the marginally amphiphilic ethanolammonium 
cation. Similar observations were found in aprotic imidazolium and pyrrolidinium 
bis(trifluoromethanesulfonyl)imide (TFSI) ILs.[31] As heterogeneity affects the transport mechanisms of 
various solutes in ILs,[32] these short-range effects on amphiphilic nanostructure can have macroscopic 
implications, e.g. for the performance of ILs as electrolytes for Li-ion batteries. 

Addition of more complex solutes or molecular components can dramatically modify nanostructure. 
Many nanostructured ILs are miscible with medium chain length n-alkanols, accommodating their hydroxyl 
groups into polar nano-domains containing IL charged groups, while stabilizing the non-polar domains that can 
be substantially swollen by the alkanol, and may lead to substantially longer-range periodic order than the IL 
alone (see Figure 2),[33-35] bringing these binary mixtures even closer in concept to conventional 
microemulsions. Additional components may then dissolve into or swell polar or non-polar domains. This 
behaviour is unlike water and other polar molecular solvents, in which alkanols cannot self-assemble. Pre-
existing amphiphilic nanostructure is essential. 



 

Figure 2. Structure of propylammonium nitrate/n-octanol mixtures from neutron diffraction, showing 
development of octanol tail-rich non-polar domains stabilised by the IL’s amphiphilic nanostructure**[34] 

Exploiting Nanostructure in Applications 

ILs are important solvents for the processing of various biomaterials, such as lignocellulosic biomass, 
microalgae, and coal, from which a range of chemical compounds including lipids, biopolymers, aromatics and 
other small molecules are extracted. Badgujar et al. identified many individual structural factors that govern 
lignocellulosic biomass dissolution including IL anion (H-bond basicity), IL cation structure, functional group, 
cation size, and side chain length, as well as Kamlet-Taft solvation properties.[36] Although no direct link 
between nanostructure and biomass dissolution was explored, many of these factors are the same as those 
that determine solvent nanostructure, which we expect will prove to be an important unifying concept.  

Microalgae are another rich potential sustainable source to produce fuels and other chemicals.  Lipid 
extraction by ILs has been investigated, including exploiting their water miscibility to bypass costly dewatering 
and drying stages needed with most current solvents.[37] Although much of the detailed mechanism remains 
unknown, including the chemical roles of IL and water, ILs are known to facilitate lipid extraction by disrupting 
cell structure, including lipid bilayers. Two recent studies have shown that the stability of phospholipid vesicle 
bilayers depends on amphiphilicity of ILs.[38, 39] Non-amphiphilic ILs preserve lipid bilayers, whereas 
amphiphilic ILs with longer alkyl chains disrupts lipid bilayers.  

 In the synthesis of both inorganic materials and  organic compounds, mechanisms, selectivity, and 
rates can also be controlled by IL steric factors, H-bonding, solvophobic interactions, ion self-assembly and 
clathrate formation.[40] Here also the amphiphilic nanostructure of ILs, which resemble self-assembled 
nanoreactors, has been implicated as a determining feature.[41] Ordered structures of liquid-crystalline ILs can 
influence the stereochemical outcome of the Diels-Alder reaction.[42] We expect nanodomains to bring 
otherwise immiscible reactants into contact, to facilitate a cascade reaction (e.g. from polar reactants, to 
amphiphilic intermediates, to apolar products), and to allow easy separations. Beyond a static picture of 
amphiphilic nanostructure, understanding the dynamics of assembly/disassembly and the relative “stiffness” 
of polar and apolar nanodomains[43] will help to realise the full potential of ILs as designer solvents for a 
diverse range of chemical processes.[44] 

Systematically studying ILs with a variety of model solutes would enable the rational design of ILs by 
identifying key solvent-solute interactions and extending the “like dissolves like” rule to amphiphilically 
nanostructured solvents.[10] 

At the solid-IL interface, the strong interaction of imidazolium-based ILs with carbon nanomaterials 
leads to confined ion layers on graphene sheets and in carbon nanotubes.[45] Nanomaterials and functional 
surfaces  have been templated via ion self-assembly.[46, 47] On metal electrodes, the ion-surface interactions 
and therefore the near-surface IL structure controls the size and morphology of the deposit.[48] 



The majority of the ILs studied for processing biomaterials are imidazolium based, due to their 
commercial availability.[49] In addition to the emerging interest of studying mixtures of ILs,[50] more 
sustainable processes will be achieved with lower cost and more environmentally friendly solvents, such as 
protic ILs prepared by one-step synthesis, biocompatible solvents such as amino-acid ILs[51] and DESs, as well 
as utilising mixtures with water and other benign molecular solvents where suitable. 

Cholinium ILs with amino acid anions and their water mixtures have been investigated for extraction 
from sources ranging from fruit peel,[52] to straw,[53] to coals.[54] Some correlation with e.g. anion basicity, 
charge density, or local structure have been identified,[55] but a fuller understanding awaits systematic 
studies that correlate performance with structural variation. The diversity of naturally-occurring (and synthetic 
amino acid) structures includes potentially amphiphilically nanostructured ILs and their solutions, but how this 
may correlate to process efficiency remains an open question.  

Deep eutectic solvents (DESs) are two- (or more) component systems comprising at least a hydrogen 
bond donor and acceptor, one of which is often a salt. They share many of the structural features and 
advantageous characteristics of ILs and IL solutions for synthesis and processing applications.[56] The most 
widely-studied DES – choline chloride/urea – is formed from naturally-occurring components, and retains its 
underlying structure up to  40 wt% water.[57] Such water-compatible DES are potential candidates for 
applications such as biomass processing. The changes in properties observed on replacing urea by ethylene 
glycol and glycerol highlights the importance of hydrogen bond donor-to-acceptor ratio and strengths.[58] To 
date, the majority of DESs studied are non-amphiphilic, with hydrogen bonding and Coulomb forces governing 
bulk structure. Recent studies have shown not only that it is possible to design DESs analogous to protic IL – 
solvent mixture with amphiphilic nanostructure, but that they exhibit similar structures and tunability across 
diverse properties,[59, 60] both in bulk and at interfaces.[61] The structural understanding of ILs is a decade 
ahead of DESs, and exciting questions are to be answered. DESs allow sustainable and efficient separations in 
oil and gas industries, with selective solubility of small aromatics, acidic gases such as CO2 and H2S.[62] Ionic 
liquid-formulated hybrid solvents containing amine have similar functions for CO2 capture.[63] Future research 
should further strengthen the nanostructure/property  correlation between DESs and protic ILs.  

Conclusion and Outlook 

The nanostructure of ILs differs substantially from both molecular solvents and simple molten salts. 
Although the understanding of factors that affect nanostructure in first-generation ILs is relatively mature, 
some outstanding challenges for modelling intermediate and long-range structures remain. Better 
understanding of the structural and dynamic coupling between length scales will enabling better a priori 
design of ILs and improve process efficiency. 

The translation of the understanding of IL nanostructure into more environmentally benign, lower 
cost, and sustainable components (protic ILs, mixtures, bio-based ILs and DESs) will enable the advantages of 
ILs to be exploited more widely and in larger scale applications utilising the next generation of solvent 
technology. This will complementary structure and application-oriented performance studies, such as 
examining ILs with dissolved model solutes, alongside multi-scale simulations.  

Acknowledgments 

The authors acknowledge financial support from the Australian Research Council, and HHJ the receipt of a 
Henry Bertie and Florence Mabel Gritton Research Scholarship from the University of Sydney.  

References 

[1] Hayes R, Warr GG, Atkin R. Structure and nanostructure in ionic liquids. Chem Rev. 
2015;115:6357-426. 



[2] Greaves TL, Drummond CJ. Protic Ionic Liquids: Evolving Structure-Property Relationships and 
Expanding Applications. Chem Rev. 2015;115:11379-448. 
[3] Panic M, Radosevic K, Bubalo MC, Curko N, Ganic KK, Srcek VG, et al. Green solvents for green 
technologies. Journal of Biotechnology. 2017;256:S11-S2. 
[4] Murphy T, Atkin R, Warr GG. Scattering from ionic liquids. Curr Opin Colloid Interface Sci. 
2015;20:282-92. 
[5] Cabry CP, D'Andrea L, Shimizu K, Grillo I, Li PX, Rogers S, et al. Exploring the bulk-phase structure 
of ionic liquid mixtures using small-angle neutron scattering. Faraday Discuss. 2018;206:265-89. 
[6] Triolo A, Russina O, Bleif HJ, Di Cola E. Nanoscale segregation in room temperature ionic liquids. J 
Phys Chem B. 2007;111:4641-4. 
[7] Kashyap HK, Santos CS, Murthy NS, Hettige JJ, Kerr K, Ramati S, et al. Structure of 1-alkyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)amide ionic liquids with linear, branched, and cyclic 
alkyl groups. J Phys Chem B. 2013;117:15328-37. 
[8] Greaves TL, Kennedy DF, Mudie ST, Drummond CJ. Diversity observed in the nanostructure of 
protic ionic liquids. J Phys Chem B. 2010;114:10022-31. 
[9] Israelachvili JN, Mitchell DJ, Ninham BW. Theory of self-assembly of hydrocarbon amphiphiles 
into micelles and bilayers. J Chem Soc Farad T 2. 1976;72:1525-68. 
[10] Jiang HJ, Imberti S, Atkin R, Warr GG. Dichotomous Well-defined Nanostructure with Weakly 
Arranged Ion Packing Explains the Solvency of Pyrrolidinium Acetate. The Journal of Physical 
Chemistry B. 2017;121:6610-7. 
[11] Hayes R, Imberti S, Warr GG, Atkin R. Effect of cation alkyl chain length and anion type on protic 
ionic liquid nanostructure. J Phys Chem C. 2014;118:13998-4008. 
[12] Greaves TL, Kennedy DF, Weerawardena A, Tse NMK, Kirby N, Drummond CJ. Nanostructured 
Protic Ionic Liquids Retain Nanoscale Features in Aqueous Solution While Precursor Bronsted Acids 
and Bases Exhibit Different Behavior. J Phys Chem B. 2011;115:2055-66. 
[13] Greaves TL, Kennedy DF, Shen Y, Weerawardena A, Hawley A, Song GH, et al. Fluorous protic 
ionic liquid exhibits a series of lyotropic liquid crystalline mesophases upon water addition. Journal 
of Molecular Liquids. 2015;210:279-85. 
[14] Ferreira ML, Pastoriza-Gallego MJ, Araujo JMM, Lopes JNC, Rebelo LPN, Pineiro MM, et al. 
Influence of Nanosegregation on the Phase Behavior of Fluorinated Ionic Liquids. J Phys Chem C. 
2017;121:5415-27. 
[15] Hayes R, Imberti S, Warr GG, Atkin R. Amphiphilicity determines nanostructure in protic ionic 
liquids. Phys Chem Chem Phys. 2011;13:3237-47. 
*[16] Elbourne A, Voitchovsky K, Warr GG, Atkin R. Ion structure controls ionic liquid near-surface 
and interfacial nanostructure. Chemical Science. 2015;6:527-36. 
[17] Elbourne A, Sweeney J, Webber GB, Wanless EJ, Warr GG, Rutland MW, et al. Adsorbed and 
near-surface structure of ionic liquids determines nanoscale friction. Chem Commun (Cambridge, U 
K). 2013;49:6797-9. 
[18] Cooper PK, Wear CJ, Li H, Atkin R. Ionic Liquid Lubrication of Stainless Steel: Friction is Inversely 
Correlated with Interfacial Liquid Nanostructure. ACS Sustainable Chemistry & Engineering. 
2017;5:11737-43. 
[19] Jessop PG, Jessop DA, Fu D, Phan L. Solvatochromic parameters for solvents of interest in green 
chemistry. Green Chem. 2012;14:1245-59. 
[20] Ab Rani MA, Brant A, Crowhurst L, Dolan A, Lui M, Hassan NH, et al. Understanding the polarity 
of ionic liquids. Phys Chem Chem Phys. 2011;13:16831-40. 
[21] Topolnicki IL, FitzGerald PA, Atkin R, Warr GG. Effect of protic ionic liquid and surfactant 
structure on partitioning of polyoxyethylene non-ionic surfactants. ChemPhysChem. 2014;15:2485-9. 
**[22] Kirchner B, Holloczki O, Lopes JNC, Padua AAH. Multiresolution calculation of ionic liquids. 
Wiley Interdiscip Rev-Comput Mol Sci. 2015;5:202-14. 
[23] George A, Brandt A, Tran K, Zahari S, Klein-Marcuschamer D, Sun N, et al. Design of low-cost 
ionic liquids for lignocellulosic biomass pretreatment. Green Chem. 2015;17:1728-34. 



[24] Hegde GA, Bharadwaj VS, Kinsinger CL, Schutt TC, Pisierra NR, Maupin CM. Impact of water 
dilution and cation tail length on ionic liquid characteristics: Interplay between polar and non-polar 
interactions. Journal of Chemical Physics. 2016;145. 
[25] Russina O, Fazio B, Marco GD, Caminiti R, Triolo A. Structural Organization in Neat Ionic Liquids 
and in Their Mixtures. In: Caminiti R, Gontrani L, editors. The Structure of Ionic Liquids. Switzerland: 
Springer, Cham; 2014. p. 39-61. 
[26] Hayes R, Imberti S, Warr GG, Atkin R. How water dissolves in protic ionic liquids. Angew Chem, 
Int Ed. 2012;51:7468-71. 
[27] Murphy T, Hayes R, Imberti S, Warr GG, Atkin R. Nanostructure of an ionic liquid-glycerol 
mixture. Phys Chem Chem Phys. 2014;16:13182-90. 
[28] Salma U, Usula M, Caminiti R, Gontrani L, Plechkova NV, Seddon KR. X-ray and molecular 
dynamics studies of butylammonium butanoate-water binary mixtures. Phys Chem Chem Phys. 
2017;19:1975-81. 
[29] Murphy T, Callear SK, Warr GG, Atkin R. Dissolved chloride markedly changes the nanostructure 
of the protic ionic liquids propylammonium and ethanolammonium nitrate. Physical chemistry 
chemical physics : PCCP. 2016. 
[30] Hayes R, Bernard SA, Imberti S, Warr GG, Atkin R. Solvation of Inorganic Nitrate Salts in Protic 
Ionic Liquids. J Phys Chem C. 2014;118:21215-25. 
[31] Aguilera L, Volkner J, Labrador A, Matic A. The effect of lithium salt doping on the nanostructure 
of ionic liquids. Phys Chem Chem Phys. 2015;17:27082-7. 
[32] Araque JC, Hettige JJ, Margulis CJ. Modern Room Temperature Ionic Liquids, a Simple Guide to 
Understanding Their Structure and How It May Relate to Dynamics. J Phys Chem B. 2015;119:12727-
40. 
[33] Jiang HJ, FitzGerald PA, Dolan A, Atkin R, Warr GG. Amphiphilic self-assembly of alkanols in 
protic ionic liquids. J Phys Chem B. 2014;118:9983-90. 
**[34] Murphy T, Hayes R, Imberti S, Warr GG, Atkin R. Ionic liquid nanostructure enables alcohol 
self assembly. Phys Chem Chem Phys. 2016;18:12797-809. 
[35] Schroer W, Triolo A, Russina O. Nature of Mesoscopic Organization in Protic Ionic Liquid-Alcohol 
Mixtures. J Phys Chem B. 2016;120:2638-43. 
**[36] Badgujar KC, Bhanage BM. Factors governing dissolution process of lignocellulosic biomass in 
ionic liquid: Current status, overview and challenges. Bioresource Technology. 2015;178:2-18. 
[37] Orr VCA, Rehmann L. Ionic liquids for the fractionation of microalgae biomass. Current Opinion 
in Green and Sustainable Chemistry. 2016;2:22-7. 
[38] Bryant SJ, Wood K, Atkin R, Warr GG. Effect of protic ionic liquid nanostructure on phospholipid 
vesicle formation. Soft Matter. 2017;13:1364-70. 
[39] Losada-Perez P, Khorshid M, Renner FU. Interactions of Aqueous Imidazolium-Based Ionic Liquid 
Mixtures with Solid-Supported Phospholipid Vesicles. Plos One. 2016;11. 
[40] Weber CC, Masters AF, Maschmeyer T. Structural features of ionic liquids: consequences for 
material preparation and organic reactivity. Green Chem. 2013;15:2655-79. 
[41] Weber CC, Masters AF, Maschmeyer T. Pseudo-EncapsulationuNanodomains for Enhanced 
Reactivity in Ionic Liquids. Angew Chem, Int Ed. 2012;51:11483-6. 
[42] Bruce DW, Gao YA, Lopes JNC, Shimizu K, Slattery JM. Liquid-Crystalline Ionic Liquids as Ordered 
Reaction Media for the Diels-Alder Reaction. Chemistry-a European Journal. 2016;22:16113-23. 
*[43] Daly RP, Araque JC, Margulis CJ. Communication: Stiff and soft nano-environments and the 
“Octopus Effect” are the crux of ionic liquid structural and dynamical heterogeneity. The Journal of 
Chemical Physics. 2017;147:061102. 
[44] Hallett JP, Welton T. Room-temperature ionic liquids: solvents for synthesis and catalysis. 2. 
Chem Rev. 2011;111:3508-76. 
[45] Pensado AS, Malberg F, Gomes MFC, Padua AAH, Fernandez J, Kirchner B. Interactions and 
structure of ionic liquids on graphene and carbon nanotubes surfaces. RSC Advances. 2014;4:18017-
24. 



[46] Ji XY, Zhang Q, Liang FX, Chen QN, Qu XZ, Zhang CL, et al. Ionic liquid functionalized Janus 
nanosheets. Chemical Communications. 2014;50:5706-9. 
[47] Fechler N, Fellinger TP, Antonietti M. "Salt Templating": A Simple and Sustainable Pathway 
toward Highly Porous Functional Carbons from Ionic Liquids. Advanced Materials. 2013;25:75-9. 
[48] Endres F, Hofft O, Borisenko N, Gasparotto LH, Prowald A, Al-Salman R, et al. Do solvation layers 
of ionic liquids influence electrochemical reactions? Phys Chem Chem Phys. 2010;12:1724-32. 
[49] Yoo CG, Pu Y, Ragauskas AJ. Ionic liquids: Promising green solvents for lignocellulosic biomass 
utilization. Current Opinion in Green and Sustainable Chemistry. 2017;5:5-11. 
[50] Bruce DW, Cabry CP, Lopes JNC, Costen ML, D'Andrea L, Grillo I, et al. Nanosegregation and 
Structuring in the Bulk and at the Surface of Ionic-Liquid Mixtures. J Phys Chem B. 2017;121:6002-20. 
[51] Kirchhecker S, Esposito D. Amino acid based ionic liquids: A green and sustainable perspective. 
Current Opinion in Green and Sustainable Chemistry. 2016;2:28-33. 
[52] Wang R, Chang Y, Tan Z, Li F. Applications of choline amino acid ionic liquid in extraction and 
separation of flavonoids and pectin from ponkan peels. Sep Sci Technol. 2016;51:1093-102. 
[53] Hou X-D, Xu J, Li N, Zong M-H. Effect of Anion Structures on Cholinium Ionic Liquids 
Pretreatment of Rice Straw and the Subsequent Enzymatic Hydrolysis. Biotechnology and 
Bioengineering. 2015;112:65-73. 
[54] To TQ, Shah K, Tremain P, Simmons BA, Moghtaderi B, Atkin R. Treatment of lignite and thermal 
coal with low cost amino acid based ionic liquid-water mixtures. Fuel. 2017;202:296-306. 
[55] Karton A, Brunner M, Howard MJ, Warr GG, Atkin R. The high performance of choline arginate 
for biomass pretreatment is due to remarkably strong hydrogen bonding by the anion. ACS 
Sustainable Chemistry & Engineering. 2018. 
[56] Smith EL, Abbott AP, Ryder KS. Deep Eutectic Solvents (DESs) and Their Applications. Chem Rev 
(Washington, DC, U S). 2014;114:11060-82. 
*[57] Hammond OS, Bowron DT, Edler KJ. The Effect of Water upon Deep Eutectic Solvent 
Nanostructure: An Unusual Transition from Ionic Mixture to Aqueous Solution. Angew Chem, Int Ed. 
2017;56:9782-5. 
[58] Stefanovic R, Ludwig M, Webber GB, Atkin R, Page AJ. Nanostructure, hydrogen bonding and 
rheology in choline chloride deep eutectic solvents as a function of the hydrogen bond donor. Phys 
Chem Chem Phys. 2017;19:3297-306. 
[59] Bryant SJ, Atkin R, Warr GG. Effect of Deep Eutectic Solvent Nanostructure on Phospholipid 
Bilayer Phases. Langmuir. 2017;33:6878-84. 
[60] Bryant SJ, Atkin R, Warr GG. Spontaneous vesicle formation in a deep eutectic solvent. Soft 
Matter. 2016;12:1645-8. 
[61] Chen Z, Ludwig M, Warr GG, Atkin R. Effect of cation alkyl chain length on surface forces and 
physical properties in deep eutectic solvents. J Colloid Interface Sci. 2017;494:373-9. 
[62] Warrag SEE, Peters CJ, Kroon MC. Deep eutectic solvents for highly efficient separations in oil 
and gas industries. Current Opinion in Green and Sustainable Chemistry. 2017;5:55-60. 
[63] Huang K, Chen FF, Tao DJ, Dai S. Ionic liquid-formulated hybrid solvents for CO2 capture. 
Current Opinion in Green and Sustainable Chemistry. 2017;5:67-73. 

 


