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Abstract 
Micellar catalysis has been established for several decades although has recently been gaining 
attention as a method for enabling greener chemical synthesis. While the main reason underpinning 
the modern renaissance of micellar catalysis is the ability to perform reactions using water as a solvent, 
the use of micellar conditions influences reactivity in ways that do not occur in homogeneous solutions,  
due to the confinement of reagents within the micelle and their interactions with micellar headgroups. 
Recently it has been discovered that ionic liquids, low melting salts, can form amphiphilic nanostructures 
with bicontinuous polar and non-polar domains. Here we will review the evidence to date of the influence 
of ionic liquid nanostructure on reactivity in comparison with the known influence of micellar catalysis, 
to examine the relationship between these approaches to reactivity in structured media. Key benefits 
and limitations of each approach are highlighted, with areas likely to benefit from the development of a 
deeper understanding of reactivity in nanostructured ILs identified.  

 

Introduction 
The ability to influence chemical reactivity using aggregates of amphiphiles has been explored for 
several decades, however it has been gaining increasing attention in recent years owing primarily to 
the potential to use water as the bulk solvent.[1] Nonetheless, the use of micellar conditions influences 
reactivity by providing different reaction spaces and heterogeneously distributing solutes within the 
solution.[2] Similar heterogeneous reaction spaces can be found in ionic liquids (ILs), low melting salts, 
that form bicontinuous amphiphilic nanostructures with well-defined polar and non-polar domains.[3] 
These domains have been found to influence the distribution of solutes within ILs.[3-4] In this critical 
review we will introduce micellar catalysis and highlight some recent advances before discussing the 
continuum spanning conventional micellar catalysis, the use of amphiphilic ILs for micellar catalysis 
through to the current understanding of reactivity within ILs containing amphiphilic nanostructures. This 
review aims to highlight the key similarities and differences between chemical reactions performed in 
structured ILs and those performed under micellar conditions, addressing areas which are currently 
poorly understood. Future areas of development, particularly for nanostructured ILs as reaction media, 
will also be highlighted.  

Micellar Catalysis  
Micellar catalysis as a term was originally coined to refer to the acceleration of reactions in the presence 
of aqueous association colloids, of which micelles are the most commonly used.[2, 5] Rate accelerations 
under micellar catalysis conditions can arise from two primary factors. The first and most widely 
recognised effect is the association of reactants either within the colloid or at its interface, which 
generates an increased local concentration of reactants in the colloid. This facilitates more rapid 
reaction rates. The other, often less appreciated, factor arises from medium effects as the solvation of 
reactants, key intermediates and transition states within the micellar interior, micellar interface or within 
the bulk aqueous phase leads to inherently different reaction rates.[6] It should be noted that these 
effects do not always lead to an increase in the reaction rate as a reaction featuring reactants that are 
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not co-located within the same region of the colloid may proceed more slowly. Likewise, situations 
where solvation stabilises the reactant relative to a key reaction transition state may lead to slower 
rates.[7] For example, the rate constant for the hydrolysis of 1-benzoyl-1,2,4-triazole (Scheme 1) in 
sodium dodecylsulfate (SDS) is only 5.3% of the rate constant in water leading to a marked inhibition 
of the reaction as the concentration of SDS is increased.[7a, 8] This demonstrates the inhibitory effect 
that can be observed for some reactions in the presence of micelles. In addition to the aforementioned 
effects, the concentration of surfactant affects the observed rate as increased surfactant concentration 
beyond that required to form the desired colloid leads to the dilution of reactants associated within the 
colloid and, in the case of ionic surfactants for reactions involving ions, the addition of unreactive 
counterions.[7b] 
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                                                Scheme 1: Hydrolysis of 1-benzoyl-1,2,4-triazole. 

While there are multiple kinetic models that have been developed to understand reactivity under micellar 
conditions, the most commonly applied is the pseudophase model.[2, 9] The pseudophase model 
separately considers reactions occurring in the bulk, typically aqueous, phase, and the micellar 
pseudophase. The reactions occurring in each of these phases are assigned their own rate constant to 
account for medium effects. While different medium effects would be expected between the interfacial 
region of the micelle, sometimes called the Stern layer, and the non-polar micellar interior, these are 
rarely considered explicitly due to the complexity of accounting for partitioning and specific medium 
effects within these regions. It has also been demonstrated that the Stern layer has a much greater 
effect on reactivity (see below).[6, 7b]  

Equation 1 depicts the relationship between the observed reaction rate for a bimolecular reaction A + 
B  products with separate consideration of the reaction occurring within each pseudophase. The 
subscripts W and M refer to water and micellar pseudophases respectively.  

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜[𝐴𝐴][𝐵𝐵] = 𝑘𝑘𝑀𝑀[𝐴𝐴]𝑀𝑀[𝐵𝐵]𝑀𝑀 + 𝑘𝑘𝑊𝑊[𝐴𝐴]𝑊𝑊[𝐵𝐵]𝑊𝑊                                   (1) 

The further development of this model relies on invoking approximations regarding the concentration of 
A and B within each of the pseudophases. These assumptions lead to complications with concentration 
units as the volume of the micellar phase is difficult to determine directly. Hence, the volume of the 
micellar phase is often approximated by multiplying the concentration of surfactant by its molar volume. 
While this assumption clearly does not account for non-ideality of the surfactant partial molar volume in 
the solution or any contribution to the micellar volume from the presence of solutes, it has enabled 
reactivity in micellar systems to be effectively modelled.[6]  

The pseudophase model in the case where A and B are neutral and hence not associated with the 
Stern layer through electrostatic interactions is given by Equation 2. In Equation 2, [S] is the surfactant 
concentration, VS is the molar volume of the surfactant, and PA and PB are the partition coefficients 
corresponding to the partitioning of A and B between the bulk and micellar phases.[6] This model can 
be simplified by consideration of electrostatic interactions in the event that the surfactant and at least 
one reactant are ionic and of opposite charge, although that simplified model, known as the 
pseudophase ion exchange model, will not be discussed further here.  

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑘𝑘𝑊𝑊(1−[𝑆𝑆]𝑉𝑉𝑆𝑆)+𝑘𝑘𝑀𝑀𝑃𝑃𝐴𝐴𝑃𝑃𝐵𝐵[𝑆𝑆]𝑉𝑉𝑆𝑆
(1+(𝑃𝑃𝐴𝐴−1)[𝑆𝑆]𝑉𝑉𝑆𝑆)(1+(𝑃𝑃𝐵𝐵−1)[𝑆𝑆]𝑉𝑉𝑆𝑆)

                                           (2)  

The pseudophase treatment is only applicable when reactants partition sufficiently rapidly between 
these two pseudophases with respect to the rate of reaction that the partitioning can be treated as time 
independent. It also involves the assumption that changes in the surfactant concentration do not modify 
the aggregate formed in a way that will influence reaction kinetics. This has been found to be generally 
true at concentrations above the cmc except when phase changes occur, such as a transition from 
spherical to worm-like micelles.[6] 



The general assumption regarding reactivity in micellar aggregates is that reactions occur within the 
Stern layer and not within the micellar interior.[6] These two scenarios are depicted schematically in 
Figure 1. This has been validated by experimental studies and molecular dynamics (MD) simulations 
examining the location of solutes in micellar aggregates.[10] Kinetic studies have also been used to 
validate this assumption.  
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Figure 1: Positioning of a reactant for a reaction occurring within (a) the Stern layer and (b) the interior of a micelle. 
Bulk solvent molecules and loosely bound counterions positioned on the exterior of the micelle have been excluded 
for clarity.   

One key study explored a Diels-Alder reaction with dienes that had been systematically modified to 
probe the influence of polarity and charge, as depicted in Scheme 2.[11] Unlike polar reactions where 
the solvation of transition states or key intermediates within the Stern layer would be expected due to 
the development of charge, the positioning of substrates and transition states for non-polar reaction 
mechanisms such as the Diels-Alder reaction is less apparent. For these Diels-Alder reactions it was 
anticipated that cyclopentadiene (1), as a non-polar diene, would be solvated primarily within the 
micellar interior rather than at the interface compared to the more hydrophilic dienes containing hydroxy 
(2) and trimethylammonium (3) groups. However, the order of kM was found to be 2 > 1 > 3 rather than 
in order of hydrophilicity. The reactions between neutral molecules were found to occur in a region of 
the Stern layer containing limited water, validated using model solvent systems containing 1-propanol, 
tetramethylammonium bromide and sodium methylsulfate. The slower reaction rate of the ionic system 
3 is likely to be due to 3 occupying sites on the exterior of the micelle as opposed to the dienophile 
which occupies sites closer to the apolar region. This would imply that a slight mismatch of binding site 
influences the relative reaction rates but highlights that the dominant micellar reaction still occurs within 
the Stern layer.  
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Scheme 2: Diels-Alder reaction explored by Rispens and Engberts between dienes of different polarity and N-
maleimides under micellar conditions.[11]    



Contemporary interest in micellar catalysis has been motivated by the use of micelles to facilitate 
organic chemistry in water to minimise hazardous solvent use and the need for auxiliaries. This has 
motivated the investigation of many fundamentally important organic chemical reactions under micellar 
catalysis conditions.[1, 12] A particular advance has been the development of designer surfactants that 
can act as reaction media while enabling the straightforward extraction of the resultant products (Figure 
2).[13] Compared to many commercially available surfactants, these designer surfactants form larger 
aggregates. For example, Coolade tends to form micelles that are 30-40 nm in diameter compared to 
SDS micelles which tend to have diameters of 4-5 nm at room temperature.[13a, 14]   
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Figure 2: Designer surfactants developed to facilitate organic reactions in water and aid separation of the products. 
a=4, b≈13, R=H for PTS; a=1, b≈16, R=Me for TPGS-750-M; a=1, b≈24, R=H for TPGS-1000; c≈13; d≈22.   

The larger size of these designer surfactants and their lack of charged headgroups means that the 
assumption that reactions occur primarily within the Stern layer is not necessarily valid. Despite 
potentially leading to complications from the mismatch of binding sites for reactants, this creates the 
opportunity to perform water-sensitive chemistry in water. A clear example of this was the Negishi 
coupling of alkyl iodides with aryl bromides performed by Krasovskiy et al. (Scheme 3).[15] Organozinc 
reagents are typically used under rigorously dry conditions, however the formation of these in situ in the 
presence of aqueous PTS led to the desired products in good to excellent yields. Much lower yields 
were observed if the organozinc reagents were preformed which highlights their rapid decomposition in 
the presence of water. The Negishi couplings were found to proceed more rapidly under micellar 
catalysis conditions than in dry THF. While the specific positioning of the substrate with respect to the 
micellar environment was not investigated, the significantly improved rates and ultimate yields relative 
to aqueous environments implicate the presence of a more hydrophobic environment containing a 
greater local concentration of reactants. When compared with the previous examples, this highlights 
that there is the potential that the apolar micellar interior may play a significant role in situations where 
large micellar aggregates are formed for reactions involving hydrophobic reagents.  
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Scheme 3: Negishi coupling between alkyl iodides and aryl bromides investigated by Krasovskiy et al.[15] 

The larger size of micellar aggregates of non-ionic surfactants has enabled the co-location of substrates 
with transition metal catalysts inside these aggregates to allow very low metal loadings to be 
successfully used.[16] This has been achieved either through the formation of transition metal 
nanoparticles that are dispersed within the micellar aggregate or the use of hydrophobic ligands that 
increase the affinity of the catalyst for the micellar interior. This strategy has enabled a range of useful 
reactions to be performed with catalyst loadings of 0.1 mol% or less. These reactions include olefin 



hydrogenation,[16b] Stille reactions,[17] Suzuki-Miyauri cross-couplings,[16a] Lindlar reductions,[18] 
reductive aminations[19] and click reactions[20] among others. The positioning of these reactions with 
respect to the micellar aggregate itself has not been explored although, as discussed above, they are 
more likely to occur in the micellar interior than would be expected for the smaller micellar aggregates 
that have been more widely studied. 

An emerging development in the field of micellar catalysis has been the use of stimuli-responsive 
systems.[21] These systems build on the concept of switchable surfactants,[22] whereby an external 
stimulus is used to facilitate the aggregation of the surfactant. The advantage of stimuli responsive 
systems is that reactivity can be externally modified, which could enable multistep reactions to occur as 
well as facilitating the facile separation of reaction products, often a limiting factor of micellar systems.  

One example of a recent stimuli-responsive system is the work of Ren et al.[21a] In this work, an 
azobenzene linker was introduced as a photoswitchable group as part of an amphiphile containing a 
Zn(TACN) complex (Figure 3). This complex had been shown to facilitate the catalytic 
transphosphorylation of 2-hydroxyphenyl-4-nitrophenyl phosphate but only when part of an aggregate 
due to cooperativity effects.[23] E to Z isomerisation of the azobenzene linker could be achieved on 
exposure to 365 nm light which increased the critical aggregation concentration from 20 μM to 60 μM, 
leading to the breakdown of aggregates at surfactant concentrations between these two values. The 
loss of aggregation led to a decrease in the rate of reaction and illustrates the possibility of using 
reversible micellar aggregation as an approach to influence reactivity. Reactivity within these systems 
necessarily occurs in the Stern layer due to cooperative effects between surfactant headgroups despite 
the formation of aggregates that were 23 nm in diameter. 
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Figure 3: Azobenzene linker incorporated into an amphiphile containing bound Zn(TACN) as studied by Ren et 
al.[21a] 

Ionic Liquids 
 
ILs are low melting salts, often defined as compounds that melt below 373 K to form a liquid composed 
solely of ions.[3a] The discovery of ethylammonium nitrate ([C2N][NO3]) by Paul Walden in 1914 laid the 
foundation for the future development of ILs. [C2N][NO3] was synthesized from ethylamine and nitric 
acid and displayed a melting point of 12°C, making it a pure liquid salt at ambient temperature.[24] This 
clear, colourless, odourless liquid was electrically conductive, consistent with an ionic composition.[3a] 
Despite this unusual finding, ILs were not widely considered by many scientific communities until 
interest emerged in the 1990s in the use of ILs as solvents for organic synthesis and as electrolytes for 
energy applications, which has led to significant ongoing interest in ILs as part of the green chemistry 
movement.[24-25]   

ILs often consist of bulky, asymmetric organic cations and organic or inorganic anions.[24] The ability to  
combine different cations and anions (Figure 4) allows for the development of many ILs, each with 
distinct physicochemical and structural properties. It has been predicted that ∼106 simple ILs can be 
prepared, leading to the possibility of 1012 binary and 1018 ternary IL mixtures.[26] 

These atypical solvents can participate in a variety of attractive interactions of varying strength and 
specificity. These interactions include dispersion forces, Coulombic forces, hydrogen bonds, halogen 
bonds, dipole−dipole interactions and electron pair donor/acceptor interactions.[3a] As a direct 
consequence of these peculiar intra- and intermolecular interactions among constituent ions, ILs can 
possess remarkable physicochemical characteristics, such as negligible vapour pressures, extended 
liquid-state temperature ranges, wide electrochemical windows and high thermal and chemical-
oxidative stabilities. ILs can often dissolve a diverse array of solutes with varied polarities. This excellent 



solvation capability reflects the complexity of the interactions present within ILs and highlights their  
incompatibility with many single parameter measures of solvent polarity.[27] ILs are often referred to as 
designer solvents as their properties and their microstructural organization can be tuned by 
combinations of different cations and anions, and through the formation of mixtures either with 
molecular compounds or other ILs.[24, 28] Given the diversity of ions that have been used, multiple 
abbreviations have evolved for ILs, many with significant ambiguity. For clarity throughout, the 
abbreviations we will use for ILs here are based on those introduced by Hallett and Welton due to their 
lack of ambiguity (Figure 4 caption).[25c] 
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Figure 4: Some chemical structures of typical cations and anions. Cations: alkylammonium, tetraalkylammonium 
([CiCjCkClN]), tetraalkylphosphonium ([CiCjCkClP]), 1-alkyl-methylpiperidinium ([CnC1pip]), N-alkylpyridinium 
([Cnpyr]), 2-hydroxyethyl-trimethylammonium (cholinium, [(OH)2C2C1C1C1N]), dialkylpyrrolidinium ([CnCmpyrr]), 
dialkylimidazolium ([CnCmim]), trialkylimidazolium ([CiCj2Ckim]), di-imidazolium ([Cn(C1im)2]) and anions: halides, 
acetate, nitrate, hydrogensulfate, hexafluorophosphate, tetrafluoroborate, thiocyanate, dicyanamide,  
trifluoromethanesulfonate and bis(trifluoromethylsulfonyl)imide.[24] 
 
Based on the conventional division of molecular solvents into proton donating (protic) and non-proton 
donating (aprotic), ILs can also be classified into two main types: protic ILs (PILs) and aprotic ILs (AILs). 
The key distinction between these two IL classes is the presence of a proton on the formally charged 
heteroatom on the cation for PILs. PILs are able to be formed from simple acid-base reactions which 
makes them simpler and cheaper to prepare than AILs, however the extent of ionisation depends on 
the strength of the acid and base used.[29] PILs are also typically less stable than AILs due to the 
reversibility of their formation.  
 

Ionic Liquids for Micellar Catalysis 
While the presence of traces of water in ILs can be problematic due to the impact it can have on the 
physicochemical properties of ILs, the deliberate combination of water and ILs in well-defined mixtures 
may result in beneficial properties.[30] For example, the limited solubility of many non-polar organic 
compounds in water could be enhanced using ILs, whereas cost or viscosity issues associated with 
pure ILs could be offset by using aqueous solutions. Therefore, a variety of computational and 
experimental techniques have been applied to understand the behaviour of ILs in water, including MD 



simulations, surface tension, conductivity measurements, potentiometry, UV-Vis spectroscopy, 
fluorescence probes, NMR spectroscopy, mass spectrometry, isothermal titration calorimetry, light 
scattering and small-angle X-ray and neutron scattering (SAXS and SANS).[30-31] It has been shown that 
imidazolium ILs with alkyl chains longer than eight carbon atoms attached to the cation display 
amphiphilic character analogous to conventional cationic surfactants, forming micellar aggregates in 
aqueous solutions at concentrations above their critical micelle concentration (cmc).[32] ILs exhibiting 
such surfactant-like behavior have been denoted surface-active ILs (SAILs).[33] SAILs are emerging as 
promising tuneable alternatives to conventional surfactants and can form an array of mesophases 
including spherical, worm-shaped and rod-like micelles, vesicles, inverse vesicles and inverse 
micelles.[34] SAIL aggregates can be used to facilitate micellar catalysis, influencing the outcome of 
organic reactions through similar mechanisms to those discussed for conventional micellar catalysis.[30-

31] Most studies of micellar IL solutions use [CnC1im][X] ILs, where the anion is typically Cl−, Br−, I− or 
[BF4]−.[31] Compared to conventional ammonium surfactants of the same alkyl chain length, imidazolium-
based SAILs usually have higher surface activity due to the delocalization of charge in their head 
groups. This has been found to reduce counterion binding and hydration of the headgroup, an effect 
which has been attributed to the improved rate acceleration of nucleophilic substitution reactions 
performed under micellar catalysis conditions using these SAILs.[35]  

In 2011, Lin et al. demonstrated the use of aqueous solutions of amphiphilic guanidinium ILs for the 
Suzuki coupling of aryl bromides and chlorides using ligand-free Pd catalysts (Scheme 4).[36] The 
amphiphilic IL formed micelles which were attributed with stabilizing the formation of elemental Pd 
nanoparticles that promoted the coupling reaction. The extent of conversion increased with alkyl chain 
length of the IL with hexadodecylguanidinium bromide achieving nearly complete conversion while 
hexaethylguanidinium bromide did not significantly improve the yield over the aqueous control 
experiment. The micellar catalysis effect observed was attributed to improved catalyst stability and the 
increased concentration of reactants within the micelles.  
 

                          

Br B(OH)2

+ Pd Cat.
70oC, H2O

Guanidinium ionic liquid

NN

N

R

R

R

R

RR
Br

SAIL

R = C2H5, C4H9, C6H13, C8H17, C12H25  
 
Scheme 4: Suzuki coupling between bromobenzene and phenylboronic acid in guanidinium IL-water micellar 
solutions investigated by Lin et al.[36]  
 

The first study exploring the use of imidazolium ILs for micellar catalysis was reported by Bica et al. in 
2012.[31] They investigated the use of ILs [CnC1im]Cl, where n = 8–14, in aqueous solution as the 
reaction medium for the Diels–Alder reaction between 1,3-cyclohexadiene with N-benzylmaleimide 
(Scheme 5).[11] The rate constant for this process increased with the alkyl chain length of the IL up to 
4.1 times that of pure water for the [C14C1im]Cl system. The rate constant was a maximum near the 
cmc of the IL, slowly decreasing with further increases in the IL concentration, consistent with the 
traditional model of micellar catalysis.[11] While the positioning of these reactions was not explicitly 
studied, the slight improvement in activity over other cationic surfactants such as CTAB implies that the 
headgroup influences reactivity and hence that the reaction is likely to occur in the Stern layer.[31] 
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Scheme 5: Diels–Alder reaction of N-benzylmaleimide with 1,3-cyclohexadiene in ionic liquid–water micellar 
solutions studied by Bica el al.[31] 

 

In addition to the alkyl chain length, surfactants based on ILs can be finely tuned by changing the head 
group or counterion to optimize the reaction environment. Bica and co-workers explored the role of the 
counterion of IL micellar systems for the nucleophilic substitution of 4-nitrophenyl diphenyl phosphate 
(PNPDPP) with acetaldoxime.[30] They synthesized a series of SAILs based on the [C12C1im]+ cation 
and different anions such as halides and alkylsulfates (Scheme 6).[30] The pseudo-first-order rate 
constants for this process at the cmc of each SAIL varied by over an order of magnitude depending on 
the anion chosen, with all micellar systems leading to faster rates than the use of pure water as the 
reaction medium. In general, the more hydrophilic anions led to faster reaction rates with rates using 
[C12C1im]Cl being more than 15 times greater than those in [C12C1im][OTf]. The relative trend correlated 
well with the hydration and degree of counterion binding to the micelle.[37] This suggests that more 
hydrophobic anions such as [OTf]− bind more strongly to the Stern layer of the micelle limiting their rate  
of exchange with the reactive anionic nucleophile.  
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Scheme 6: Nucleophilic substitution of 4-nitrophenyl diphenyl phosphate (PNPDPP) with acetaldoxime 
investigated by Cognigni et al.[30] 

 
In another example of the anion effect, Schäffer et al. investigated the perrhenate-catalysed epoxidation 
of cyclooctene with aqueous H2O2 in micellar media using imidazolium-based SAILs with different 
counterions and alkyl chain lengths.[38] The highest extent of conversion was obtained for [BF4]− anions 
with the relative order of the [OTf]−, Cl− and [ReO4]− anions varying with alkyl chain length. As these 
were compared at a set concentration rather than near the respective cmc it is possible this change in 
trend is due to cmc effects as well as anion hydration and counterion binding (Scheme 7).[38] 
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Scheme 7: Epoxidation of cyclooctene investigated by Schäffer et al.[38] 

 

In addition to the effect of the anion and alkyl chain length, the influence of the structure of the IL 
headgroup has been explored for IL micellar catalysis applications. In 2017, Cognigni and coworkers 
prepared new SAILs based on the [C12C1im]+ core including divalent ions linked by aliphatic or ether 
chains as well as a zwitterion (Scheme 8).[32] The cmcs for all of these novel SAILs were less than those 
of their [C12C1im]+ counterparts. These SAILs were used for the unsupported ligand free Pd catalyzed 
aerobic oxidation of 1-octanol to octanoic acid in water. The best-performing SAIL was the PEG-
modified SAIL which was attributed to its ability to stabilize Pd in addition to increasing both the solubility 
of O2 and the local concentration of 1-octanol. All SAILs outperformed CTAB, which is likely due to the 
stabilization of Pd provided by the imidazolium headgroup either through its delocalized charge or ability 
to form N-heterocyclic carbene ligands. A notable SAIL concentration effect was observed whereby the 
yield of the desired product went through a well-defined maximum with SAIL concentration, decreasing 
rapidly at higher SAIL concentrations, common behaviour for micellar catalysis systems, as described 
previously.  
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Scheme 8: Aerobic oxidation of 1-octanol studied by Cognigni et al.[32] 

 

Similar concentration effects were observed in the use of SAILs for the Pd catalyzed Heck reaction of 
ethyl acrylate and iodobenzene studied by Taskin et al. (Scheme 9).[33] A key outcome from this 
investigation was that reducing the concentration of the SAIL from 100 mM to 10 mM in most cases led 
to improved yields of the desired product, except for [C12C12C1im]Cl SAILs and CTAB which are unable 
to form carbenes and display the greatest activity at 100 mM. There appears that there are two 



competing effects, the stabilization of the Pd by coordination of the imidazolium headgroup and the 
stabilization of Pd within the micellar aggregates. TEM images indicate that at the higher concentrations 
of [C12C1im]Cl, larger Pd aggregates are formed which may arise from the formation of larger micelles 
under these conditions. Whether these larger aggregates are inherently less catalytically active or other 
factors are responsible for the reduced activity of these systems is unclear. This highlights the ability to 
alter the behaviour of the SAIL through the introduction or removal of potential coordinating moieties in 
addition to their role in the formation of micellar aggregates.  
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Scheme 9: Palladium-catalysed Heck reaction of ethyl acrylate and iodobenzene in SAIL-aqueous micellar 
solutions investigated by Taskin et al.[33] 

 
Schmidt et al highlighted the ability of imidazolium-based SAILs to fulfill dual roles by incorporating the 
catalytically active tungstate dianion ([WO4]2−) as the amphiphilic imidazolium IL counterion for the 
epoxidation of hydrophobic olefins in aqueous solution.[39] The IL [C4C1im]2[WO4] which was unable to 
form micelles yielded similarly low activity to an aqueous solution of Na2WO4 (< 10% cyclooctene 
conversion) whereas longer chained ILs above their cmc were more effective. The extent of conversion 
increased with increasing alkyl chain length up to a maximum conversion of 77% after 8 h for 
[C12C1im]2[WO4]. The addition of phosphonic acids were identified to increase activity and covalently 
linking a phosphonate group to the imidazolium headgroup led to a marked increase in catalytic activity. 
This was attributed to the greater association between catalytically active species in the Stern layer of 
the micelle.[39] 
 

In another study, Cognigni et al reported the simultaneous use of SAILs as ligands and additives in 
iridium-catalyzed water oxidations.[35] Three novel iridium-based catalysts with N, N-dialkylimidazolidin-
2-ylidene ligands based on [C12Cnim]+ SAILs were synthesized. These SAIL inspired iridium complexes 
displayed greater potential as water oxidation catalysts with excellent turn-over frequencies (TOF) of 
up to 0.92 s-1 with an activity maintained over five consecutive catalytic cycles and an overall turn-over 
number (TON) of 8967. The best results were obtained for the catalyst [C12C1im–IrCp*Cl2], whereas the 
more sterically demanding catalysts [C12C12im–IrCp*Cl2] and [C12im-C2-C12im–IrCp*Cl]Cl led to reduced 
reaction rates. The higher catalytic activity of the former can be attributed to its ability to form a bis-μ-
oxido di-iridium (IV) compound, which was assumed to be an important catalytic intermediate for the 
oxygen-oxygen bond formation step. Moreover, the addition of the SAIL [C12C1im]Cl as a reaction 
medium further increased the reaction rate due to the formation of micellar aggregates, resulting in a 
TOFmax of 1.91 s-1. The catalytic activity was ascribed to the co-location of reagents in the Stern layer 
at the micellar interface.   
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Scheme 10: Oxidation of water using SAIL-derived catalysts reported by Cognigni et al.[35] 
 

Kulshrestha et al reported using metal-based SAILs for the oxidative cyanation of tertiary amines. 
Micellar solutions of [CnC1im]2[MnCl4] (n= 8,10,12) were used successfully as catalysts for the C (sp3)-
H cyanation reaction using trimethylsilyl cyanide (TMSCN) as a cyanide source and hydrogen peroxide 
as the oxidant (Scheme 11).[34b] The incorporation of the hydrophobic metal anion led to higher surface 
activity of these SAILs relative to those featuring a chloride anion. Similar concentration and alkyl chain 
length effects were observed as for other micellar catalysis systems with the maximum yield of 95% 
obtained for [C12C1im]2[MnCl4] at 25 mM under optimized conditions.  
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Scheme 11: Oxidative Strecker reaction of tertiary amines in micellar solutions studied by Kulshrestha et al.[34b] 

 
The structure of micelles formed by a mixture of surfactants can be substantially different from those of 
the individual surfactants. Such synergistic micellization have been recently explored for the reductive 
degradation of a model cationic dye, Rhodamine B (RhB) by Bhat et al.[34a] In a previous report,[40] they 
demonstrated the catalytic activity of [C12C1im]Cl micelles towards the NaBH4 induced reductive 
degradation of RhB.[40] The activity observed using the [C12C1im]Cl SAIL could be further enhanced by 
adding Brij 56 (a nonionic surfactant) in specific molar ratios. The cationic-nonionic mixed micellar 
system reduced the electrostatic repulsion between cationic monomers and the dye units at the micelle–
water interface. This leads to an increased concentration of reactants near the interface, given the 
electrostatic attraction between the BH4− anion and the cationic surfactant, thereby enhancing the 
catalytic activity of these mixed micelles for RhB degradation.  
 
The above survey of the existing literature on SAILs demonstrates that when used in aqueous solutions 
ILs simply take on the expected role of surfactant. However, the ongoing interest in the synthesis of 



diverse IL structures means that the tuneability of such systems has been increasingly explored, 
including the incorporation of catalytically active ions. The emergence of non-traditional headgroups, 
particularly those based on the imidazolium cation, also influences the activity of the micellar aggregate 
given the important role played by the Stern layer. Nonetheless, amphiphilic ILs even in the absence of 
water possess a well-defined structure at nanoscale which offers the potential to explore reactivity in 
nanostructured media without the need for an added bulk solvent, which will be discussed in the 
following sections. 
 

Ionic Liquid Nanostructure 
Initially, the bulk structure of ILs was considered to be either similar to the parent solid, albeit more 
disordered, or akin to highly concentrated salt solutions or simple molten salts like NaCl.[3a] Hence, ILs 
were largely believed to be homogeneous solutions with the addition of short-range charge ordering 
from the existence of ions. However, since IL ions are generally more complex polyatomic ions with 
reduced charge density compared to the small discrete inorganic ions of conventional molten salts, ILs 
have a range of weaker yet cooperative directional associations that play important roles alongside the 
stronger coulombic interactions. Hence, the interplay of these interactions endows ILs with greater 
medium-range (mesoscopic) order, making them atypical solvents that can possess well-defined 
nanostructures. 

The first suggestion of the existence of mesoscopic liquid structures was made by Schröder et al. in 
2000, based on the experimental measurement of diffusion coefficients of three electroactive solute 
molecules dissolved in imidazolium IL−water mixtures.[41] The large differences observed between the 
diffusion of neutral and charged solutes, indicated that the binary imidazolium IL−water mixtures should 
not be considered as homogeneous solvents but as nanostructured fluids with polar and non-polar 
regions.  

Subsequent MD simulations on aprotic imidazolium ILs reported in 2006 indicated the propensity of 
these solvents to self-assemble and form defined nanostructures. These independent MD simulation 
studies further suggested the importance of ion amphiphilicity in determining the IL bulk structure. The 
multiscale coarse-grained simulations by Wang and Voth[4c], [42] explored the effect of cation alkyl chain 
length, n, on [CnC1im][NO3] ILs (for n= 1-4, 6, 8). It showed that imidazolium rings and [NO3]− anions 
are comparatively homogeneously distributed in the bulk, whereas alkyl groups aggregated into 
spatially heterogeneous non-polar domains. This nanoscale segregation can be attributed to 
competition between stronger coulombic interactions among charged moieties in constituent ions and 
favourable dispersion associations between hydrophobic alkyl chains. The effect was more pronounced 
for cations having longer alkyl chains, leading to the formation of liquid crystal-like structures. This was 
consistent with the earlier discovery that ILs with [CnC1im]+ cations where n ≥ 12 form thermotropic 
liquid crystalline phases.[43] Further MD simulations of ILs composed of imidazolium cations paired with 
various spherical anions (F−, Cl−, Br−, [BF4]−, and [PF6]−) by Urahata and Ribeiro[44] as well as Canongia 
Lopes et al[45] presented a similar picture of heterogeneous nanostructures in IL matrixes although there 
were some notable differences. The primary difference observed was that the charged domains in the 
imidazolium ILs were not homogeneously distributed but formed a continuous three-dimensional 
network of ionic channels. These polar regions coexist with non-polar domains comprised of 
hydrophobic alkyl groups. For imidazolium ILs with short alkyl chains (like C2), small and globular non-
polar “islands” are formed within the continuous polar network. Lengthening the alkyl chains (C6, C8, 
and C12) enables the non-polar hydrocarbon “islands” to interconnect in a bicontinuous, interpenetrating 
sponge-like nanostructure. For the [CnC1im][PF6] class of ILs it was found that a C4 side chain marked 
the transition between these two solvent morphologies, as shown in Figure 5. ILs with a cation and 
anion that include a fluorocarbon and hydrocarbon chain, have demonstrated even more complex, 
tricontinuous liquid nanostructures with discrete polar domains alongside the non-polar domain 
containing hydrocarbon moieties, and a fluorous domain of fluorocarbon moieties.[46] 

 
 



 

Figure 5: The bulk structure of [CnC1im]PF6] ILs for n = 2-12. Each box shows 700 IL ion pairs at equilibrium with 
polar domains (anion + cation imidazolium ring) depicted in red and non-polar domains (cation alkyl chain) in green. 
Figure reproduced with permission from Hayes et al. from images originally published by Canongia Lopes et al.[3a, 

4a] 

The mesoscopic nanostructure predicted by MD simulations for imidazolium ILs with moderate chain 
lengths was experimentally validated by X-ray diffraction (XRD), small and wide-angle X-ray scattering 
(SWAXS) techniques and small angle neutron scattering (SANS). The XRD and SWAXS data provide 
evidence of self-assembled solvent nanostructures. IL scattering patterns generally evince three main 
peaks. The primary peak at the lowest angle occurs at 0.3 < q (Å-1) < 0.5, commonly referred as the 
“pre-peak” followed by peak II known as the “low q peak” observed at 0.8 < q (Å-1) < 0.9 and finally peak 
III, the “main peak” at 1.3 < q (Å-1) < 1.5.[47] The main peak is produced by a combination of the cation-
anion alternation distance and intramolecular correlations. The low q peak feature arises from cation-
cation and anion-anion correlations within the polar network, with anions typically contributing more 
than the cations to this effect given their typically larger scattering cross-sections.[48] The characteristic 
pre-peak corresponds to correlations across the intervening alkyl chains thus these correlations occur 
at distances much larger than the individual ions or nearest-neighbour ion spacings and are due to the 
association of non-polar chains into well-defined non-polar domains. Therefore, the pre-peak is often 
regarded as a diagnostic peak for nanostructure within the bulk liquid. However, its intensity depends 
upon multiple factors such as the IL composition, the scattering cross-section of different ions as well 
as the degree of organisation within the fluid, hence the absolute intensity is not an absolute guide as 
to the extent of structuring within these solvents.  

The SWAXS spectra obtained by Triolo et al. for [CnC1im]Cl (Figure 6A) and [CnC1im][PF6] (Figure 6B) 
ILs exhibit a distinct peak at ∼0.3 Å−1 for n > 4,[49] with its position shifting to lower q values for longer 
cation alkyl chains due to the increasing size of the alkyl chain spacing across the non-polar domain. 
No apparent effect on the diffraction pattern was detected on altering the anion from a small Cl− (Figure 
6A) to intermediate [PF6]− (Figure 6B) through to the large [NTf2]− anion (Figure 6C). However, anions 
have been found to affect the intensity of the pre-peak for [C4C1im][X] ILs, with more intense peaks 
typically observed for more strongly interacting anions (such as [Me2PO4]−). This indicates that while 
anions may not strongly influence the size of these non-polar regions they can participate in driving the 
solvophobic self-assembly.[50] Collectively, these observations highlighted the importance of the 
aggregation of non-polar groups attached to ions on the self-assembly of ILs.[24], [49] 

SAXS[51] and atomistic simulations[52] of [CnCnCnC1N][NTf2] ILs (n = 4, 6, and 8), showed that different 
bicontinuous microstructures can be obtained by changing the cation geometry from imidazolium 
[CnC1im]+ to trialkylmethylammonium [CnCnCnC1N]+. In these cases, the localised, less accessible 
charge causes thread-like polar domains to form rather than larger, more well-defined regions.[3a] 
Similar effects are observed for corresponding aprotic phosphonium salts.[53] 

 

 

 
         



 

 

Figure 6: Nanostructure in [CnC1im]-based ILs. Top (from left to right): Chemical structures of [CnC1im]Cl, 
[CnC1im][PF6], and [CnC1im][NTf2], respectively. Middle: XRD and SWAXS patterns for (A) [CnC1im]Cl, n = 3, 4, 6, 
8, 10, (B) [CnC1im][PF6], n = 4, 6, 8, and (C) [CnC1im][NTf2] 2 ≤ n ≤ 10 AILs at 298 K. Bottom: Corresponding 
Empirical Potential Structure Refinement modeling of the cation probability distribution around a [C1C1im]+ cation: 
(D) [C1mim]Cl, (E) [C1mim][PF6], and (F) [C1C1im][NTf2].Reproduced with permission from Hayes et al.[3a] using 
data and images obtained from Hardacre et al.,[54] Triolo et al.,[49, 55] and Russina et al.[56] 
 

PILs display quite distinct nanostructural characteristics from their aprotic counterparts. In 2008, Atkin 
and Warr[57] investigated the nanostructure of the PIL [C2N][NO3] using SANS. Surprisingly, despite the 
small alkyl chain length, nanostructural heterogeneity was identified, making the ethyl moiety the 
smallest alkyl chain capable of facilitating self-assembly in ILs. The solvophobic driving force for alkyl 
chain aggregation arises from the stronger electrostatic interactions between the more localised and 
exposed charges of [C2N][NO3] along with the H-bonding interactions between the ammonium moiety 
and [NO3]− anion. These strong H-bonding interactions and the more localised charge account for the 
shorter alkyl chain length required to facilitate the self-assembly of these PILs relative to AILs that are 
relatively more sterically hindered or contain more delocalized charges. Like AILs, the PIL nanostructure 
becomes more pronounced with increasing cation alkyl chain length.[3a, 58]  

PILs containing amphiphilic cations and anions have been explored to identify the interplay between 
these two components.[59] For the homologous [C6N][CnH2n+1COOH] series the apparent correlation 
distance along the alkyl chain axis decreased with increasing alkyl chain length in the anion until the 
hexanoate anion was used, with the correlation distance then increasing with alkyl chain length beyond 
this. This was attributed to interdigitation of alkyl chains between cations and anions in the presence of 
a shorter anion alkyl chain with the size of the domain dominated by the ion featuring the longer alkyl 
chain. Hence while the size of the non-polar domains can be easily fine-tuned for ILs containing one 



amphiphilic ion, this becomes more complex when multiple amphiphilic ions are present. Such an effect 
has also been observed in AILs and related systems. A molecular dynamics simulation of 
[CnC1im][C8SO4] AILs noted a broadly similar decrease in correlation distance with increase cation alkyl 
chain length until n = 6 before an increase to a maximum where n = 10.[60] Furthermore, thermotropic 
liquid crystals [Cnpyr][CmSO4] were explored at elevated temperatures (110-150 °C) and also provided 
evidence of similar interdigitation effects.[61]    

The formation of amphiphilic nanostructures of both PILs and AILs can be prevented through the 
functionalisation of the alkyl chain, with the presence of alcohol or ether groups leading to the 
elimination of the existence of an amphiphilic nanostructure.[62] This highlights the potential to tune the 
existence of IL nanostructure through rational ion selection.  

Compared to aggregates formed from aqueous surfactants, IL nanostructures are less well-defined and 
decay over shorter distances. This means that geometric descriptions commonly used to describe 
colloids such as spheres, ellipsoids, cylinders, or bilayers, are not readily invoked for nanostructured 
ILs which contain less well-defined interfaces between the polar and non-polar regions.[29] Nonetheless, 
it is clear that ILs cannot be considered to be homogeneous, isotropic solutions. While the structural 
basis of this has been rapidly uncovered over the past two decades, the consequences of this 
nanostructural heterogeneity of ILs on their solvation ability and their application for a range of chemical 
processes remains to be understood.[63]  

 
Reactivity in Nanostructured Ionic Liquids 
 
Despite growing understanding of the existence of well-defined amphiphilic nanostructures within ILs, 
there have been relatively few studies directly exploring the implication of these nanostructures on 
reactivity. Unlike the use of amphiphilic ILs for micellar catalysis where their key advantage of being 
liquid at low temperatures is not required, the use of nanostructured ILs provides the possibility of 
exploring chemistry in structured non-aqueous solutions. This offers multiple avenues for introducing 
control over reaction outcomes given the ability to directly tune the volume of the non-polar regions in 
addition to the polarity and interactions of the ions present. 

For the nanostructure of the IL to influence reactivity, it needs to be retained on dilution by reactants. 
Systematic investigations of IL nanostructure on the addition of solutes have indicated that for aprotic 
imidazolium ILs with butyl chains the amphiphilic nanostructure is retained even upon dilution to 50 
mol% IL.[4b] For decyl chains nanostructure is retained for most solutes explored even when the IL only 
comprises 20 mol% of the solution, highlighting the resilience of these domains. Similar resilience has 
also been noted for PILs diluted by water.[64] This indicates that for most systems where the IL is 
employed as the bulk solvent, dilution only by reagents is unlikely to disrupt the amphiphilic 
nanostructure of the solvent apart from when very highly concentrated solutions are used.    

One of the earliest suggestions of the influence of nanostructured ILs on reactivity came from Puttick 
et al. who identified that the partitioning of methyl methacrylate oligomers into the non-polar domains 
of the IL may be responsible for the formation of higher molecular weight polymers with lower 
polydispersity in these ILs.[65] They argued that these nanostructures enable the growing chains to be 
solvated separately from the radical initiator and small methyl methacrylate oligomers which reduced 
the rates of termination, facilitating longer propagation cycles.   

The relationship between micellar catalysis and reactivity in nanostructured ILs was introduced by 
Weber et al. who used a modification of the pseudophase model to account for the reactivity of a 
functionalised trityl cation with hydroxylic nucleophiles (Scheme 12).[66] A schematic of the proposed 
solvation within these pseudophases is depicted in Figure 7. The pseudophase model used considered 
the polar ionic region and the non-polar domain as the two pseudophases rather than a bulk and micellar 
phase. Group contribution methods were used to calculate the volume of the non-polar domains and 
the assumption made that the ionic electrophile did not partition into the non-polar regions. This model 
led to good fits to the observed kinetic data and explained the faster rates for reactions in ILs containing 
larger alkyl chains when water was used as the nucleophile. 
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Scheme 12: Model reaction used by Weber et al. to assess the influence of nanostructured ILs on reactivity.[66b] 
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Figure 7: Schematic demonstrating reactions occurring within the (a) non-polar and (b) polar domains proposed 
by the pseudophase model in a nanostructured IL. Green = amphiphilic cation, red = anion, blue = reactant.  
 
An investigation into the hydrolysis of [BF4]− and [PF6]− anions when present as components of the IL 
identified that the rate of hydrolysis increased with the length of the IL alkyl chain.[67] While this was not 
originally ascribed to a nanostructure effect, this is consistent with the above findings that the increased 
local concentration of ions and water in the polar domains of these nanostructured systems leads to 
enhanced reactivity.  

Diels-Alder reactions between cyclopentadiene and methyl acrylate (Scheme 13) have been 
investigated as model systems by Bruce et al. within liquid crystalline ILs.[68] They generally observed 
a decrease in the endo:exo ratio of the reaction products with increasing IL alkyl chain length. Smaller 
endo:exo ratios are typically associated with solvation in a less polar environment which would be 
consistent with greater solvation of the reactants within the non-polar domain as the alkyl chain length 
of the IL increased. A reduction of the endo:exo ratio was observed on changing from [C12C1im][NTf2] 
to [C12C1im][BF4] whereas the opposite trend was observed for the corresponding [C4C1im] ILs. While 
attributed to a liquid crystal effect, it is possible that this may be a result of partitioning effects between 
the polar and non-polar domains. [C12C1im][BF4] would form more cohesive polar domains than 
[C12C1im][NTf2] due to the presence of a smaller, more strongly interacting anion. More cohesive polar 
domains have been found to increase the partitioning of carbonyl-containing solutes into the non-polar 
domain of nanostructured ILs.[4b] Hence, the endo:exo ratio may simply be due to greater partitioning of 
the Diels-Alder reactants within the non-polar domain of [C12C1im][BF4] which could be accounted for 
by pseudophase considerations. 
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Scheme 13: The Diels-Alder model reaction used by Bruce et al. to study the effect of liquid crystalline ILs on 
reactivity.[68] 
 
The effect of IL nanostructure on reactivity was also explored for the condensation reaction between 
hexan-1-amine and benzaldehyde (Scheme 14).[69] ILs based on the [NTf2]− anion were used with alkyl 
chain lengths systematically increased from butyl to octyl. No systematic rate effects were observed 
although a subtle decrease in the activation enthalpy and activation entropy were determined. This may 
be consistent with the compartmentalisation of solutes into the polar regions of the IL although the small 
magnitude of the change makes interpretation of these changes complex. This reaction is also 
challenging to interpret using the pseudophase model owing to the moderate polarity of the reactants 
and amphiphilicity of the amine which would imply reactions in both the polar and non-polar domains 
would need to be considered explicitly. This would require the inclusion of partition coefficients for both 
reactants.  
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Scheme 14: Condensation of hexan-1-amine and benzaldehyde studied by Keaveney et al.[69] n = 3, 5 and 7. 
 
Another example where IL nanostructure is likely to play a role was in the dehydration of fructose to 5-
hydroxymethylfurfural (HMF, Scheme 15).[70] It was found that increasing the alkyl chain length of the 
IL led to a marked reduction in HMF yield when no acid catalyst was used with the yield decreasing 
from 78% in [C1C1im]Cl to 5% for [C10C1im]Cl. The inhibition of this reaction in ILs with longer alkyl chain 
lengths is likely due to the increased local concentration of water within the polar domains as the 
reaction proceeds. When 80 mol% triflic acid was added relative to fructose, the yields obtained reached 
nearly 80% for [C10C1im]Cl and the discrepancy based on alkyl chain was significantly reduced, likely 
due to the role of triflic acid as a dehydrating agent. While detrimental to performance in this example 
it does highlight that these nanostructured ILs can lead to pronounced effects on chemical reactivity 
due to the concentration of reactants or products within the polar and non-polar domains.  
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Scheme 15. Dehydration of fructose into HMF studied by Shi et al.[70]  
 
Nanostructured Ionic Liquids and Micellar Catalysis 
 



The preceding sections highlight that there are parallels between reactivity in ILs and micellar catalysis. 
Clearly, amphiphilic ILs can themselves be used for conventional micellar catalysis if dissolved in 
another solvent above their cmc, with the flexibility to include catalytically active moieties as 
components of the amphiphile or the counterion. For these applications there is no significant difference 
between IL or ‘IL-like’ surfactants and those traditionally used for micellar catalysis beyond the potential 
to use higher surfactant concentrations due to the low melting points of the ILs and to leverage the 
ongoing development of new types of ions for the preparation of ILs.  

The use of nanostructured ILs diluted only by reagents introduces some fundamental differences with 
micellar catalysis systems due to the absence of a bulk solvent phase. The lack of bulk solvent 
increases the relative volume of the non-polar phase from comprising a negligibly small amount of the 
solution volume for micellar aggregates towards up to 50% of the solution volume for some 
nanostructured ILs.[1, 66a] The volume of the non-polar domains can be controlled in nanostructured ILs 
by consideration of the size of the aliphatic chains present relative to the ionic headgroups and 
counterions. The volume of these regions is more tunable than for surfactant aggregates as there is no 
bulk solvent phase to facilitate solvation of isolated ions, although the morphology of the aggregates 
may change with the length of the aliphatic phase, such as through the formation of thermotropic liquid 
crystalline phases.[71] The effect of this change in relative volume is that the impact of reactivity in the 
non-polar domain, often neglected for micellar catalysis, is significantly more important in 
nanostructured ILs. Conversely, the extent of effects arising from increased local concentrations are 
less pronounced in ILs. The exception may be inverse systems where intentionally small polar domains 
are created which facilitate the concentration of reactants. Examples include the threadlike polar 
domains found in [C8C8C8C1N][NTf2],[51, 72] which could be further reduced in volume by incorporation of 
a smaller and more strongly interacting anion.   

While reactions in nanostructured ILs can be modelled using pseudophase models derived from the 
micellar catalysis literature, the content of these models is very different. In micellar catalysis the models 
use the bulk phase and micellar phases as the two key pseudophases, whereas in nanostructured ILs 
the pseudophase model uses the polar and non-polar IL domains. For the IL systems, this would be the 
equivalent of partitioning the micellar phase into the Stern layer and micellar interior without 
consideration of the bulk phase. While the successful use of such a pseudophase model has not been 
demonstrated outside of a very niche reaction system, further validation using other model reactions 
would assist the understanding of reactivity within these systems and advance the development of 
modified pseudophase models that appropriately reflect the behaviour of reactions performed in 
nanostructured ILs.  

In addition to providing new ways to consider reactivity in structured media, the IL pseudophase model 
may also provide unique insight into reactivity within the non-polar micellar interior of conventional 
micellar catalysis systems. The larger relative non-polar domain volumes in nanostructured ILs and the 
absence of a bulk solvent phase means that the relative number of reactions occurring within the non-
polar domain in these ILs would be markedly higher than in conventional micellar catalysis systems. 
This provides the opportunity to explore nanostructured ILs or their mixture with small concentrations 
of water as models of the Stern layer and the non-polar micellar interior. Understanding the role of the 
micellar interior is likely to be of growing importance in micellar catalysis given the emergence of larger 
micellar aggregates that facilitate non-polar reaction mechanisms. The successful role of ILs as model 
systems will be determined by the ability to quantify partition coefficients between the different domains.  

An additional consideration for reactivity in nanostructured ILs is the role of solvent reorganisation. In 
micellar systems, aggregation occurs due to preferential association of alkyl chains with each other 
than the bulk solvent phase. Nanostructured IL assembly is caused by solvophobic effects between the 
ionic headgroups and aliphatic chains. While the bulk nanostructures have been found to be robust 
towards dilution by reactants,[4b] the local impact of changes in the nature of these reactants as they 
progress along the reaction coordinate remains poorly understood. The reorganisation of ILs has been 
found to have a significant influence on reaction rates due to the associated reduction in the entropy of 
activation,[73] and it is not known how such reorganisation influences nanostructured ILs. For example, 
if charge is developed along the reaction coordinate for a non-polar reactant, does this disrupt the local 
nanostructure or require the translation of the reactant within the fixed local nanostructure to enable 



more effective solvation of the incipient charge? Regardless of the impact on the local nanostructure, 
the influence of nanostructured ILs on reactivity is likely to be greater for reactions that do not feature 
charge development along the reaction coordinate, as changes in charge would strongly affect the 
required local solvation environment. Certainly, the examples highlighted in the previous section where 
nanostructure effects could be unambiguously assigned all have reaction mechanisms that would fall 
into this category. Work is currently underway within our laboratory to verify the requirements for 
reactions to be strongly affected by nanostructured ILs.  

The influence that IL ions have on reactivity has grown increasingly well understood over recent years, 
through the use of empirical solvation parameters such as those developed by Kamlet and Taft and 
more recently through machine learning approaches.[74] This understanding provides the opportunity to 
tune reactivity through solvent design which could be combined with the heterogeneous nanostructure 
to facilitate a high degree of control over reaction outcomes. Alternatively, this understanding of 
reactivity in ILs could be exploited towards controlling reactivity within the Stern layer of micelles 
featuring IL-like surfactants, combining the tunability of ILs with concentration effects arising from the 
formation of micellar aggregates.  

Conclusions and Outlook 
 
Micellar catalysis and reactivity in nanostructured ILs have many characteristics in common. Both 
feature heterogeneous solvation environments arising from the aggregation of amphiphiles, and 
pseudophase models can be successfully employed in some cases to account for their use as reaction 
media. The key difference between these reaction media is that the use of micellar catalysis conditions 
relies on solvent-induced aggregation of a typically dilute amphiphile rather than the use of a 
nanostructured liquid phase. This increases the magnitude of local concentration effects but requires 
reagents to be compatible with the bulk solvent, at least for long enough to be solvated within the more 
hydrophobic micellar environment. Hence, while these two classes of reaction media have some core 
commonalities, their effect on reactivity and chemical compatibility vary in magnitude. Reactivity in 
nanostructured ILs may even be considered as a limiting case of micellar catalysis in the absence of 
the bulk solvent phase, where the polar domain effectively represents the Stern layer in the absence of 
a bulk solvent. This will potentially lend nanostructured ILs to a different range of applications. 

Advances in micellar catalysis have been driven by the desire to perform chemistry more sustainably, 
minimising the use of transition metal catalysts and enabling the use of water to replace organic 
solvents. Reactivity in nanostructured ILs is likely to provide different opportunities such as imparting 
greater solvent-induced control of reactivity, more favourable solvation of hydrophobic solutes which 
can minimise solvent use and enabling the use of water-sensitive reagents. Specific areas where 
nanostructured ILs are likely to provide significant advances are highlighted below.  

ILs have found application in the solubilisation of biopolymers including lignin and cellulose.[75] While 
this solubility can be largely ascribed to hydrogen bonding effects,[76] there is growing evidence that IL 
nanostructure is important in the solubilisation of these components.[77] As ILs are amongst the most 
efficient media for the conversion of biopolymers such as cellulose into key platform chemicals,[78] 
understanding reactivity in these nanostructured solvents will be key to designing new approaches for 
the use of renewable chemical feedstocks. 

Finally, with the emergence of stimuli-responsive systems for micellar catalysis there are opportunities 
to develop comparable systems using nanostructured ILs. Switchable surfactants and switchable 
solvents both can use carbon dioxide to convert a neutral species into an ionic compound, an IL in the 
case of switchable solvents.[22, 79] Developing an understanding of reactivity in nanostructured ILs 
creates the opportunity to develop switchable solvent systems based on amphiphilic amines or amidines 
to reversibly generate the relevant ILs. While this reduces the flexibility for ion selection present in other 
nanostructured ILs, it would assist with the separation of reaction products and may help facilitate 
multistep processes using a one-pot protocol.  
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