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Abstract
Hypothesis:
Imidazolium-based ionic liquids (ILs) in water exhibit a surfactant-like behavior that is only
partially characterized by experimental techniques with molecular dynamic (MD) simulations
emerging as a complimentary tool to study their phase behavior. However, while atomistic
models suffer of time and size scale limitations, higher-level models (e.g. coarse-grain) are still
of limited applicability, accuracy, and transferability.

Experiments:
A robust and transferable CG model for 1-alkyl-3-methylimidazolium halides [Cnmim][X], using
the MARTINI forcefield (FF), was proposed and validated against all-atom (AA) simulations
and existing experimental data. A systematic study on the effect of the alkyl chain length, IL
concentration, and temperature on the phase behavior of [Cnmim][Cl] aqueous solutions was
performed.

Findings:
At low amphiphile concentrations, the micellar regime extends from the critical micellar
concentration (cmc) up to 10-25 wt%, depending on the alkyls chain length, where a sphere-torod transition is observed. The aggregation numbers of the spherical micelles were found to be in
good agreement with experiments and, as the concentration was increased, a variety of
mesophases was observed, providing useful insights into these systems. Furthermore, the
segregation of IL moieties into polar and non-polar domains in ILs, possessing short alkyl tails,
was demonstrated.
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1. Introduction
Despite the inherent potential of pure ionic liquids (ILs) as solvents in a variety of
applications,1 their large-scale industrial application is still hindered due to their relatively highcost and viscosity. On the other hand, the use of their aqueous solutions has lately been shown to
be advantageous as they usually present a lower cost, higher mass transfer rates, and higher
tunability due to the extra degrees of freedom. These properties lead to the use of amphiphilic
ILs as hydrotropes,2 aqueous solutions of surface-active ILs in the extraction of bioactive
compounds from biomass,3 or the use of ILs in the formation of aqueous biphasic systems as
versatile separation platforms.4
The most widespread ILs are those composed of imidazolium-based cations that usually
contain pronounced hydrophilic and hydrophobic segments, resembling the structure and charge
distribution

often

found

in

ionic

surfactants.

Clearly,

ILs

comprising

1-alkyl-3-

methylimidazolium cations ([Cnmim]+) are amongst the most studied ILs in what concerns
surfactant-like behavior, with several authors reporting the formation of micellar aggregates and
self-organized structures in their aqueous solutions over extended temperature and concentration
ranges.5–13 This rich phase behavior directly affects their use in solubilization and extraction
processes, as templates in the fabrication of hollow mesoporous organic materials, as drug
delivery agents or in nanoparticle synthesis.14 Therefore, a detailed knowledge of the IL’s phase
behavior is crucial to understand the impact of the IL’s structure in the design of tailor-made
liquid solutions for specific technical applications.
Several experimental techniques were employed aiming at a better understanding of the
micellization process of ILs in water such as potentiometry,7 conductivity,12 turbidity,15 surface
tension measurements,10 fluorescence,9 and dynamic light scattering (DLS),16 providing
information about the critical micellar concentration (cmc), average aggregation numbers (Nagg),
and a few other surface properties. At higher amphiphile concentrations, other techniques such as
DSC,17,18 H-NMR,8,10 small-angle X-ray scattering (SAXS),5,8,18 polarizing optical microscopy
(POM),8,17,18 and small angle neutron scattering (SANS)6 allow to speculate about the formation
of different lyotropic liquid crystals but, a clear identification of the type of mesophase formed
under certain conditions, as necessary to trace a reliable phase diagram, remains a difficult task.
Furthermore, conflicting results among different experimental techniques, as illustrated by the
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cmc and Nagg values reported in literature for different [Cnmim][X] salts (see Table S1 and S2 of
Supporting Information), frustrates the emergence of a clear understanding. An example of
contradictory results is the case of [C8mim][Cl], which was reported by some as exhibiting
surfactant-like properties12,16 whilst other experimental techniques found no evidence of selfaggregation.6,10,19
It is well known that molecular dynamics (MD) simulations can help complement the
information retrieved by experiments, providing useful insights on micelle formation – size and
structure, counter ion distribution, free energy of micellization, surface-structure, or selfassembly.20 Nonetheless, MD remains a compromise between computational efficiency and scale
resolution. Atomistic models can indeed provide detailed and precise information about the
initial stages of micelle formation but are limited in time and size scales up to a few nanoseconds
and a few hundreds of molecules. Alternatively, coarse-grain (CG) models have been suggested
as a good alternative to the more computational demanding all-atom (AA) and united-atom (UA)
models. By grouping a certain number of atoms into a single interaction site, these models are
able to tackle larger systems for longer simulation times and, even though some structural details
could be hidden by this simplification, in terms of mesophase formation, the results obtained
using CG models have been, so far, promising.21,22
Naturally, the performance of a CG model heavily relies on the mapping choice for the
different atoms in the system as, despite the significant decrease of interaction sites, the model
must capture the essential physico-chemical features of the molecules. In Table 1, a summary of
the different CG models of the [Cnmim+] cation available in the literature is provided. Except for
the work of Bhargava and Klein,23 these models were only applied to study pure ILs. Most of
them were developed aiming at reproducing specific structural and dynamic properties, surface
tensions, or used to analyze the liquid-vapor interfaces in neat ILs while a few others used MD
simulations to study the formation of spatially heterogeneous domains in pure ILs. Consequently,
the investigation of the phase behavior of IL aqueous solutions through MD simulations remains
largely unexplored, despite its importance in several fields, from fundamental research to
application purposes.
A transversal limitation to the available models is their limited transferability to different
chain lengths, imposing the need to reparametrize the forcefield (FF) for each IL. As an example,
Bhargava et al.24 used the results from ab initio calculations and AA-MD simulations to build a
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CG model of [Cnmim][PF6] (n=4, 7, 10) under a 3:1 mapping. Later, the same authors used a
similar approach to investigate the formation of micelles and lyotropic liquid crystals in aqueous
solutions of [C10mim][Br].23 However, due to the lack of transferability of the CG model
previously developed for [Cnmim][PF6], the FF parameters for the imidazolium cation had to be
refitted, in order to reproduce the AA pair-distribution functions of [C10mim][Br]. Moreover,
several authors have acknowledged the limitations of using a single bead to map the imidazolium
ring. Varzaneh and co-workers25 showed that the choice of CG mapping affects the structure and
dynamics of the IL. A more refined mapping of the imidazolium ring ensures its planarity and
provides a better agreement with neutron scattering data, whilst an appropriate mapping of the
alkyl tails is key for a better description of dynamic properties. Having a proper head-group
representation is thus crucial for a good performance of the model, especially since the
mesophases that are obtained, using MD simulations, are largely dependent on the so-called
critical packing parameter (CPP),26 which depends on the surfactant head area.
In this work, a transferable CG model for 1-alkyl-3-methylimidazolium chloride ILs of
varying alkyl chain lengths was developed using the MARTINI FF.27 This FF provides a general
CG framework where the different molecules are mapped based on an energy matrix of
interactions and was successfully used to investigate the self-assembly of a large number of
amphiphilic compounds.28–33 The CG bonded interaction parameters for the [Cnmim]+ cations
were properly set to reproduce the geometries obtained using an atomistic FF while the nonbonded parameters for the CG beads considered in this work were taken from the MARTINI
FF,27 ensuring the transferability of the proposed model and its compatibility with MARTINI
models currently available for a wide variety of compounds.
To illustrate the new approach, the new CG model was used to study the aggregation
behavior and the formation of mesophases in aqueous solutions of different [Cnmim][Cl] ILs.
Given the CG nature of the model, longer simulation times and larger systems can be tackled,
thus the long-range ordering in the mesophase formation was analyzed as a function of different
variables such as temperature, IL concentration and the cation’s alkyl chain length, providing
useful information about the phase-behavior of these systems.
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Table 1. CG models for imidazolium-based ILs available in literature.
Cation

Anion

Cations Mapping

Analytical functions describing the
potential fitted to reproduce the pair
correlation functions from AA-MD
simulations, density and surface tension of
[C4mim][PF6]

+

[PF6-]

[C10mim+]

[Br-]

Objective of the study

MS-GC parameterized using a force
matching method to reproduce the effective Study the formation of
heterogeneous
forces from AA-MD simulations for spatially
domains
in
[C
mim][NO
n
3].
[C4mim][NO3]

[Cnmim+],
[NO3-]
n = 2,3,4,6,8

[Cnmim ],
n = 4,7,10

FF Parameterization

Bhargava et al.24

FF parameters were not transferable from Study the micelle formation
Bhargava and
the previous work and were refitted to and mesophases in aqueous
Klein23
reproduce the AA-MD.
solutions of [C10mim][Br].
FF parameters tuned to mimic the sizes and
shapes of [C4mim][PF6] and to reproduce Reproduce several static and
Roy and
properties
of
its properties (density and diffusion) at near dynamic
Maroncelli36,37
[C4mim][PF6].
room temperature.

[PF6-]

[C4mim+]
[C2mim+]

[BF4-]

[Cnmim+],
n = 4,7,10

Two mapping schemes:
[PF6 ] -MS1 resembling Bhargava et al. 24
-MS2 resembling Wang and Voth34,35

FF parameters obtained using the Iterative
Boltzmann Inversion (IBI) method to
reproduce the distribution of bonds, angles
and RDFs extracted from AA.

[BF4-]

BMW-Martini FF validated by comparison
of densities and RDFs with those obtained Study Nafion/[C4mim][BF4]
from
AA-MD
simulations
for composite membranes.
[C4mim][BF4].

[PF6-]

Reproduce structural,
IBI method to obtain the bonded
thermodynamic, and
interactions while the non-bonded and
dynamical properties of AA
long-range electrostatics were obtained by models for pure ILs.
the constrained relative entropy method.

[C4mim+]

[Cnmim+],
n = 4,8

Wang and
Voth34,35

Show the existence of a bicontinuous morphology in the Bhargava et
liquid and the influence of
al.24
alkyl chain length.

[C4mim+]

-

Reference

Based on Roy and Maroncelli36,37

New parameters fitted to the different Simulate the liquid-vapor
anion and for a new C3 bead representing interface and predict surface Merlet et al.38
the C2 chain.
tensions.
Investigate the structural and
dynamic
properties
of Varzaneh et
[Cnmim][PF6] ILs and the
al.25
influence of the CG mapping

Sun and
Zhou.39

Moradzadeh
et al.40

2. Methodology
2.1.

Simulation details
All the MD simulations performed in this work were carried out using the GROMACS 2019

package,41 adopting the leap-frog algorithm to integrate the equations of motion with a time step
of 2 fs and 10 fs for AA and CG simulations, respectively. The energy contributions to the
potential energy were the bond stretching, angle bending and dihedral for bonded interactions
while the Lennard-Jones (LJ) and Coulombic terms accounted for the non-bonded interactions.
The length was constrained by using the LINCS algorithm.42 Non-bonded interactions were
computed using a cut-off radius of 1.2 nm and employing a van der Waals (vdW) potential forceswitch modifier that allowed the energy to decay smoothly towards zero from 0.9 to 1.2 nm. The
long-range electrostatic interactions were evaluated using the particle mesh Ewald (PME).43 The
temperature was fixed using the velocity-rescaling thermostat,44 except in the production runs of
AA simulations where the Nose-Hoover thermostat45 was considered to ensure an adequate
ensemble sampling. An isotropic pressure coupling was considered using the Parrinello-Rahman
barostat46 to control the pressure in both the equilibration and production runs.
For all MD simulations carried in this work the same equilibration procedure was followed
prior to the production runs in the NpT ensemble: an energy minimization step using the steepest
descent algorithm to prevent short-range contacts between atoms followed by two short
equilibration runs in the NVT and NpT ensembles, respectively. Every system simulated in this
work was enclosed within a cubic box with periodic boundary conditions (PBC) and the
molecules were placed randomly in the starting configurations, generated with the PACKMOL
code,47 except where stated otherwise. Simulation outputs were visualized using the VMD
software package,48 and spatial distribution functions (SDF) were obtained with TRAVIS.49
Spherical micellar aggregates, when present, were analyzed using an in-house code31 inspired by
the Hoshen-Kopelman cluster-counting algorithm.50

2.2.

All-atom MD simulations
The AA simulations were taken as a reference to validate a novel MARTINI CG model for

1-alkyl-3-methylimidazolium halides. Therefore, the simulated systems consisted on a predefined number of ion pairs, close to the experimental average aggregation number (Nagg) of
each studied system, namely 40, and 50 for [C10mim][Cl], and [C14mim][Cl], respectively. The
number of water molecules was defined to have an IL concentration above the cmc. The Nagg and
cmc of [Cnmim][Cl] and [Cnmim][Br] ILs found in the literature are reported in Tables S1-S2.
The atomistic FF parameters were taken from the OPLS-AA force field, specifically
developed for ILs by Canongia Lopes et al.51,52 while water molecules were represented by the
SPC/E model.53 The simulation time – the number of simulation steps by the timestep – in the
production runs ranged between 20 to 100 ns, depending on the system. All of the information
regarding the production runs such as the temperature, number of ion pairs, IL concentration, and
simulation time of the different AA simulations are given in Table S3.

2.3.

Coarse-Grain MD Simulations
A set of different IL concentrations and temperatures were simulated, at the CG level, for

each alkyl chain length to provide an overall picture of the phase behavior of these systems.
Thus, five IL concentrations, namely 10, 25, 37, 50, and 70 wt% were chosen, except for
[C4mim][Cl] that due to its shorter alkyl tail does not exhibit surfactant-like behavior. It is
important to stress out that the CG beads used to represent the counterions include six implicit
water molecules which makes it impossible to go beyond the limit of ~70 wt% of IL. In fact, for
systems containing [C8mim][Cl] or [C4mim][Cl], the higher IL concentrations studied
(simulations carried out in the absence of explicit water beads) corresponded to 68.1 wt% and
61.8 wt%, respectively.
The CG-MD simulations ran for at least 3 µs, with an integration time step of 10 fs, ensuring
that the equilibrium state was reached for all systems. This was further confirmed by monitoring
the temperature, pressure, and density of the system as well as by visual inspection of the
simulation boxes. All of the information related with the production runs can be consulted in
Table S4.
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2.4.

Coarse-grain model development and validation
The CG models used to represent water molecules and the chloride anions were directly

taken from the MARTINI FF.27 Water is thus modelled through P4 beads, each containing four
water molecules, and with 10 % of BP4 antifreeze water beads to avoid the unreal tendency of
MARTINI water to freeze at regular temperatures.27 Chloride anions are represented by a
charged CG bead with hydrogen bond acceptor character (Qa bead type) that contains six
implicit water molecules.
For the imidazolium cation, a more refined CG mapping, in the framework of the MARTINI
FF27, is here proposed. The development and validation of the new CG model is built upon the
[C14mim][Cl] IL whose cation, as depicted in Figure 1, was divided into seven different beads
following a 3:1/4:1 mapping, i.e. three to four heavy atoms are grouped into a single CG bead.
The special CG bead type (prefix S), often used to map aromatic rings within the MARTINI FF,
was selected to map the imidazolium ring.
The [Cnmim][Cl] geometries were first taken from AA-MD simulations, using the
Canongia-Lopes FF.51,52 Therefore, several MD simulations (one for each alkyl chain length) of
individual IL moieties were run under very diluted conditions at both, the AA and CG levels.
After a careful analysis by attempting different CG MARTINI beads and bonded parameters
(final values reported in Table 2), the best choice was as follows: one SQd bead type (charged
and hydrogen bond donor) containing the hydrogen atom bonded to the carbon atom between the
two nitrogen atoms of the ring; one bead type SP5 for the stronger polar region of the aromatic
ring, and a SP1 bead to represent the less polar part of the ring. For the alkyl chain, one bead
type SC1 (aromatic strongly apolar bead) was used to connect the head-group with alkyl-chain
tail that is mapped with C1 beads (the most apolar beads in the MARTINI model). The purpose
of using a SC1 bead near the head instead of using only C1 beads is twofold: Firstly, it allows to
better represent the total number of carbon atoms, decreasing the degree of bead overlapping.
Secondly, it allows for a smoother transition between a very polar region of the imidazolium
cation (the head group) and the strongly apolar alkyl-chain tail. The modelling of the different
alkyl chain lengths for the [C14mim][Cl], [C10mim][Cl], [C8mim][Cl], and [C4mim][Cl] were
carried using three, two, one and none C1 beads, respectively. The [Cnmim]Cl topology files and
an input example for the production stage of the CG-MD simulations are provided as
supplementary material.
9

Figure 1. Sketch of the CG mapping for the 1-tetradecyl-3-methylimidazolium cation and
corresponding bead types under the MARTINI forcefield.27
The full validation of our CG model proceeded with a comparison against the results
obtained through more detailed AA-MD simulations, focusing on the model ability to reproduce
the micellar behavior of diluted systems. Therefore, the [C14mim][Cl] aqueous solution
containing 50 ion pairs at 0.032 M, above the reported cmc, was chosen to ensure that the system
is well within the micellar regime. The number of ion pairs (50) was selected based on the
experimental aggregation numbers obtained through DLS and fluorescence measurements that
for [C14mim][Cl], and the analogous [C14mim][Br], fall in the range between 46 and 79,
respectively (see Table S2).
However, the inherent time scale limitation in AA simulations did not allow to attain a
micellar system in equilibrium, within a feasible simulation time, under the very diluted
conditions around the cmc. As a matter of fact, the simulation at the CG level, starting from
random positions, whose final snapshot is shown in Figure S1, already required around 340 ns
of simulation time for all the IL molecules to aggregate into one single spherical micelle, whose
formation is shown in the video V1, provided as Supplementary Material. Therefore, bearing in
mind the experimental micelle aggregation distribution, preformed micelles were built using the
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PACKMOL code,47 and a short MD simulation was carried out to ensure that the preformed
micelle equilibrium was reached in both, the AA and the CG simulations.
Considering the results from the AA simulation as reference, different CG mappings were
then evaluated until a proper matching of micelle geometry, basically the density profile and the
anion distribution around the charged IL head groups, was observed under the final CG mapping
shown in Figure 1. The resulting bonded parameters are reported in Table 2 and are transferable
across the different chain lengths investigated.
Table 2. Bonded parameters of the CG model for [Cnmim]+ cations used in this work.
Beads

bond length (nm) F (kJ·mol-1)

Beads

Angle (º) F (kJ·mol-1)

SP5 – SQd

0.250

1250

SP5 – SQd – SP1

78.0

25.0

SQd – SP1

0.300

1250

SQd – SP1 – SP5

59.0

25.0

SP5 – SP1

0.250

1250

SQd – SP1 – SC1

76.0

25.0

SP1 – SC1

0.400

1250

SP5 – SQd – SC1

100.0

25.0

SC1 – C1

0.400

1250

SP1 – SC1 – C1

150.0

25.0

C1 – C1

0.400

1250

SC1 – C1 – C1

170.0

25.0

In Figure 2, the final snapshots of both the AA and the CG simulations are shown, with the
alkyl chain tails forming the micelle core (represented in green) and the imidazolium rings as the
micelle surface (represented in purple) surrounded by the chloride anions (represented in black).
This is in agreement with the results obtained in the CG simulation starting from random
positions shown in Figure S1. To visualize the distribution of counter ions around the polar head
group, the spatial distribution function (SDF) of the chloride anions around the IL cation head
group were calculated using TRAVIS49 for both the AA (isovalue=1.0) and CG (isovalue=1.5)
and are shown as insets in Figure 2. The obtained SDFs show the tendency of chloride anions to
be positioned around the charged SQd bead of the imidazolium cation in the CG while, in the
AA formalism, they are mostly surrounding the hydrogen atom of the carbon atom in between
the two imidazolium nitrogen atoms.
The agreement between the two levels of theory, concerning the distribution of counter-ions
around the surfactant head-groups, can be further observed through the radial distribution
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function (RDF) between the imidazolium rings and the chloride anions, as obtained from the
trajectories, of both the AA and CG MD-simulations. As can be observed in Figure S2, there is a
very good agreement in what concerns the location of the main RDF peaks. Nonetheless, it must
be noticed that the presence of six implicit water molecules in the CG beads significantly
increases the CG bead size, excluding the presence of explicit water molecules from the
imidazolium ring surroundings, thus increasing the relative density of anion beads and,
consequently, the intensity of the CG peak.

Figure 2. Final snapshots of the equilibrated micelles obtained for the [C14mim][Cl]/H2O
system: a) AA and b) CG-MD simulations. The SDFs of the chloride anion around [C14mim+]
are shown as insets in the simulation snapshots. The color code is as follows: green for the alkyl
tails, purple for the surfactant head groups and black for the anions. Water molecules have been
removed for clarity.
The micelle density profiles, as measured from their center of mass (COM), for the AA and
CG simulations of the [C14mim][Cl]/H2O system are presented in Figure 3a) and show an
excellent agreement between the two levels of theory, statement supported by the location of the
different density peaks that are well reproduced by the proposed CG model. The obtained density
profiles corroborate the observation of the final snapshots shown in Figure 2, in which the alkyl
tails point towards the micelle COM whilst the imidazolium ring points outwards, resembling the
micelle surface surrounded by the solvated chloride anions. Furthermore, the water density
profile obtained from the AA-MD simulation shows the presence of water before the IL head
group peak, suggesting the presence of a small amount of water both below and above the
micelle surface. This behavior was also remarkably captured by the proposed CG model.
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Aiming to extend the CG model to different imidazolium alkyl chain lengths and IL
concentrations, additional MD simulations were also carried out for an aqueous solutions of
[C10mim][Cl] at the AA and CG levels of theory. The simulated systems consisted on 40 ion
pairs (number of ion pairs based on the literature micelle distribution data summarized in Table
S2), at 0.6 M IL concentration – an higher IL concentration, within the [C10mim][Cl] micellar
regime. The AA and CG micelle density profiles are plotted in Figure 3b) and, similarly to what
was observed for the [C14mim][Cl]/H2O system, a very good agreement between the two levels
of theory was achieved. Moreover, based on the location of the density peaks for the IL head
groups (purple), the [C10mim][Cl] micelles are smaller than those observed in the
[C14mim][Cl]/water system (Figure 3a)), as expected for an IL possessing a shorter alkyl tail.
Finally, the new CG model was used to systematically investigate the micellar regime of
different [Cnmim][Cl] ILs in water and, as will be discussed in more depth in the next section,
the model was able to provide a good agreement with experimental results concerning the
formation of aggregates, their size and morphology.
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Figure 3. Density profiles for a) [C14mim][Cl]/H2O b) [C10mim][Cl]/H2O systems. The solid
lines represent the results obtained with the CG model proposed in this work, while the dashed
lines represent the results obtained from the AA-MD simulations using the Canongia-Lopes et al.
FF.51,52 The green, purple, black and blue lines represent the density of the IL alkyl tails, IL head
groups, anions and water molecules, respectively.
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3. Results and discussion
The CG model developed in this work was used to map the phase diagram of [Cnmim][Cl]
ILs aqueous solutions from diluted systems in the micellar regime to the formation of ordered
phases and lyotropic liquid crystals at higher IL concentrations. Simultaneously, the effect of the
alkyl chain length was also evaluated from the [C14mim]+ cation used to develop and validate our
model down to the [C8mim]+, the chain length at which the surfactant-like behavior is generally
accepted. The behavior of ILs possessing shorter alkyl tails is then discussed using [C4mim][Cl]
as example. Comparisons with the experimental data available in literature were made
throughout this discussion when available. It is important to emphasize that in the current version
of the MARTINI FF27, bromide and chloride anions are indistinguishable, i.e. they are
represented by the same bead type. As such the obtained results are compared to those reported
for both [Cnmim][Cl] and [Cnmim][Br] ILs.

3.1.

Micellar regime of [Cnmim][Cl] ILs in water (n ≥ 8)
To investigate the micellar regime of the imidazolium-based ILs, CG-MD simulations at 10

wt% of IL (2000 IL ion pairs) were carried out as a function of the alkyl chain length, at three
different temperatures (298, 350, and 390 K). The final systems conformations after 3 s of
simulation time at 298 K (the temperature effect was found to be negligible at low IL
concentrations) is shown in Figure 4 and, as can be observed, the aggregation of IL moieties
clearly increase with increasing chain length of the alkyl tail of the [Cnmim+] cation.
For [C14mim][Cl], the simulation snapshot shown in Figure 4, suggests that the purely
micellar regime may extend from the cmc up to an IL concentration around 10 wt% (0.318 M)
for which the presence of a few prolate-shaped micelles, coexisting in equilibrium with smaller
spherical micelles, is already noticed. Therefore, in order to estimate the average aggregation
number of [C14mim][Cl], a shorter CG-MD simulation (1000 ion pairs; 1 s), with a lower IL
concentration, around 2.8 wt% (0.089 M), was carried out at 298 K. The final snapshot of this
simulation is provided in Figure S3a of Supporting Information and demonstrates that, at this
concentration, the system essentially consists of nearly spherical micelles. The micelle size
distribution was analyzed using a cluster-counting code and were found to contain between 22
and 78 IL moieties per micelle with a Nagg of 48. This value is in excellent agreement with the
15

value of 46 reported by Bai et al.19 using DLS measurements for an aqueous solution of
[C14mim][Cl] at 0.011 M. These values are, however, considerably lower than those reported by
El Seoud et al,54 using fluorescence measurements, at a lower IL concentration. It should be
noted that the fluorescence measurements were carried out at the cmc which, according to the
literature, is around 0.004 M (c.f. Table S1), with an estimated Nagg of 79. This value is similar
to the maximum micelle size found in our simulation. However, it is of questionable accuracy
because lower aggregation numbers, ranging between 48 and 59, have previously been reported
by different authors for aqueous solutions of [C14mim][Br] at higher IL concentrations (0.010
and 0.025 M). Moreover, a quick look at Table S2 suggests that fluorescence measurements
consistently overestimate the Nagg values when compared to other experimental techniques.
Nonetheless, the micelle size distribution obtained using our model, plotted in Figure S3b,
indicates a considerable degree of polydispersity which can partially explain the disparity of
experimental values reported in literature.

Figure 4. Final snapshots of the CG-MD simulations at 298 K and an IL concentration of 10
wt% (2000 ion pairs). Color code is as in Figure 2.
Decreasing the alkyl chain length of the IL cation seems to extend the micellar concentration
range. Aqueous solution of [C10mim][Cl] (Figure 4) reveals only the presence of nearly
spherical micelles with a narrower size distribution compared to [C14mim][Cl] as indicated by
the cluster counting code. In this system, the micelles were found to contain between 23 and 57
IL moieties, with Nagg = 42. The minimum micelle size obtained in this system is also in
excellent agreement with the Nagg reported by Bai et al.19 that obtained an aggregation number of
23 from DLS measurements carried out for a solution at 0.186 M – about half the concentration
value used in our simulation at 10 wt%. In another study, El Seoud et al.54, using the results from
fluorescence measurements, obtained Nagg = 40 which is in very good agreement with the
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average Nagg found in our simulation although it has been obtained at a lower IL concentration,
near the cmc (i.e. 0.062 M). This is contrary to the expected behavior as the aggregation number
of imidazolium-based ILs in water tends to increase with the amphiphile concentration. This was
further demonstrated in the study of Goodchild et al.8 using SANS data to estimate the Nagg of
[C10mim][Br] in water. In their study the aggregation number was found to increase from 14 at
0.04 M to 47 at 0.6 M, in good agreement with those obtained using our CG model. These results
further support the idea that Nagg estimated from fluorescence measurements are systematically
higher than those obtained using other experimental techniques. Another example is the value of
42 obtained at 0.150 M, reported by Vanyur et al.9 for an aqueous solution of [C10mim][Br],
which is very close to the value reported by El Seoud et al.54 for [C10mim][Cl] at 0.062 M.
Contrarily to their higher chain length homologous, the self-aggregation of [C8mim][Cl] in
water remains a contentious issue, with large discrepancies in reported properties not only
between different authors but also between different experimental techniques. Miskolczy et al.15
carried turbidity measurements for aqueous solutions of [C8mim][Cl] up to 0.1 M and the results
clearly show that the IL, at such low concentrations, does not micellize. In another study, Blesic
et al.10 carried interfacial tension, fluorescence and 1H NMR measurements to monitor the selfaggregation of [C8mim][Cl] in water but the plateau characterizing the presence of aggregates
was only observed in the surface tension measurements, around 0.22 M, while no noticeable
spectral variation, indicative of self-aggregation, was observed in the fluorescence or NMR data.
Hence, instead of referring to a cmc value, most authors have reported a critical aggregation
concentration (cac) somewhere between 0.1 and 0.24 M.10,12,13,16,19 This disparity is best
exemplified by comparing the works of Bowers et al.6 and Wang et al.16 Bowers et al.6 found that
aqueous solutions of [C8mim][Cl] display a weak long-range ordering of possibly prolate-shape
particles that culminate in the formation of organized structures at much higher concentrations.
Conversely, at low concentrations, the aggregation seems far more complex. Based on the
breakpoint of the surface tension and conductivity data, an average cac of 0.1 M was reported but
this property could not be reproduced using SANS data. Moreover, the results obtained from the
surface tension measurements exhibited an unexpected behavior with the surface tension
increasing soon after the breakpoint had been reached. Wang et al.16 used conductivity,
fluorescence, DLS, and transmission electron microscopy (TEM) to study the aggregation
behavior of ILs based on the [C8mim]+ cation. They reported a cac value of 0.22 M based on
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conductivity and fluorescence measurements. Furthermore, the authors reported TEM images for
a solution of 0.45 M, revealing the presence of spherical aggregates in solution.
Aiming to shed light into the micellar regime of [C8mim][Cl] in water, the final snapshot of
the CG-MD simulation carried out at 298 K and an IL concentration of 10 wt% (0.433 M), very
similar to that used in the experiments carried by Wang et al,16 is shown in Figure 4. In this
snapshot, it can be observed that the alkyl tails of the IL tend indeed to aggregate in a
prolate/disk-like shape, as previously suggested by Bowers et al,6 but with no evidence
supporting the formation of spherical micelles, those being only reported in the study of Wang et
al.16 To further confirm the arrangement of the alkyl tails, the number density profiles of the
different bead types, within the simulation box, were calculated, and the results obtained along
the x-axis are depicted in Figure S4. The bead distribution along the simulation box displays
some heterogeneity, suggesting a certain degree of tail-tail aggregation.
On the other hand, CG-MD simulations carried out for an IL concentration of 25 wt% (1.083
M), whose final snapshots are shown in Figure S5, show that an increase on the amphiphile
concentration seems necessary to induce the formation of spherical micelles in aqueous solutions
of [C8mim][Cl]. The simulation snapshot clearly shows the presence of spherical aggregates that
were analyzed using the cluster-counting code. The micelles were found to contain between 17
and 55 IL moieties with Nagg = 27. This value is in excellent agreement with the one reported for
the system [C8mim][Br]/H2O, at a similar concentration (1.0 M), by Goodchild et al.,8 specially
bearing in mind that chloride and bromide anions are indistinguishable, under the current
MARTINI FF. Particularly relevant in the context of this work, the proposed model does not
appear to overestimate the hydrophobic effect and self-aggregation of the IL, a common issue in
CG simulations. As shown in Figure S5, for the higher chain lengths, increasing the IL
concentration to 25 wt% resulted in an expected increase of the aggregates size of the spherical
micelles and prolate-shaped micelles in the aqueous solutions of [C10mim][Cl] and
[C14mim][Cl], respectively.
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3.2.

Lyotropic-liquid crystals
In this section, the study of the colloidal behavior of [Cnmim][Cl] ILs (n ≥ 8) is extended to

higher concentrations, to explore their entire phase diagram. Prior investigations have established
that neat ILs based on the [Cnmim]+ cation, with sufficiently long alkyl chains (n ≥ 12) can
display a liquid-crystalline behavior, exhibiting long range mesoscale ordering, over extended
temperature ranges, whilst ILs featuring shorter alkyl chains are isotropic liquids at room
temperature.55,56 However, given the structural similarities between these ILs and conventional
cationic surfactants, even for smaller alkyl chain lengths (e.g. n = 8, 10), lyotropic liquidcrystalline gels can be formed by an appropriate interaction with water. Firestone et al.,5 showed
the preparation of a lyotropic liquid-crystal through addition of water to [C10mim][Br] although
no information was provided concerning the morphology and structure of the ordered phases.
Hence, it is expected that the micelles of these ILs can present different shapes (spherical,
cylindrical, prolate, oblate, among others) and that, under certain conditions, they can further
self-assemble to form different mesophases such as a micellar cubic, hexagonal, or lamellar
phases.57
Therefore, in order to investigate the effect of different variables such as the length of the
cation alkyl tail, IL concentration, and temperature on the phase behavior of aqueous solutions of
[Cnmim][Cl] ILs, a set of different CG-MD simulations were carried out using the proposed
model. The simulated systems consist on aqueous solutions of [C8mim][Cl], [C10mim][Cl], and
[C14mim][Cl], with 2000 ion pairs, at three different temperatures (298, 350, and 390 K), and at
least five different IL concentrations (10, 25, 37, 50, and 70 wt%).
The final snapshots of the CG-MD simulations for the [C10mim][Cl]/H2O system at 298 K,
as a function of the IL concentration, are shown in Figure 5. At 25 wt% of IL, this system
consists on a spherical micellar solution but by increasing the amphiphile concentration to 35
wt%, the micelles are arranged on a cubic lattice, forming the simplest liquid crystalline phase,
the ‘micellar cubic’ solution. If the IL concentration is further increased to 37 wt%, the micelles
fuse with each other to form bigger prolate-shaped aggregates that coexist in equilibrium with
smaller spherical ones. This suggests that the system is transitioning towards the formation of
cylindrical aggregates of indefinite length. It must be noticed that close to the coexistence lines
in the phase diagram, different phases might coexist as an intermediate state in a certain range of
concentrations.
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Figure 5. Final snapshots of the CG-MD simulations for the [C10mim][Cl]/H2O system at 298 K
and different IL concentrations. At 50 wt% of IL, the simulation box was replicated in all
directions for a clear visualization of the nearly hexagonal arrangement. Color code is as in
Figure 2.
Well above the prolate-shaped micellar rod solution, at 50 wt% of IL, the system resembles
the initial stages of the hexagonal columnar phase formation. Unfortunately, despite aqueous
solutions of other cationic surfactants (e.g. C10TAB) exhibit hexagonal arrangements in this
range of concentration, no experimental studies were found for [C10mim][Cl] or [C10mim][Br].
Therefore, to confirm the existence of a hexagonal columnar phase, the effect of temperature
upon this system was analyzed by carrying MD simulations at higher temperatures. The final
snapshots of these simulations are provided in Figure 6, and whilst the simulation at 350 K
shows a system conformation very similar to that obtained at 298 K, the simulation at 390 K
displays a clear honey-comb hexagonal arrangement. In this regard, the temperature increase
reduced the energy barrier necessary for the molecular rearrangement, preventing the system to
be trapped in a local minimum. To confirm the equilibrium state at lower temperatures, the 390
K final configuration was used as initial point to carry out a simulation at 298 K. The final
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snapshot of this simulation is also shown in Figure 6 and resembles in a clearer way the
hexagonal phase when compared with the simulation, starting from random positions at 298 K,
demonstrating that the system initially plotted in Figure 5, was trapped in a local minimum and
not in a true equilibrium state.

Figure 6. CG-MD simulations for the [C10mim][Cl]/H2O system, with an IL concentration of 50
wt%, at different temperatures. The simulation boxes were replicated once in every axis to allow
for a clearer visualization of the hexagonal arrangement. Color code is as in Figure 2.
A further increase on the IL concentration leads to the reordering of the system in a layer-like
structure, resembling a lamellar phase. This spatial organization is clearly visible from the
simulation snapshot of the CG simulation carried out for an IL concentration of 70 wt% provided
in Figure 5. A similar arrangement of the IL moieties was also observed in the simulations at
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higher temperatures (not shown here). The formation of both the hexagonal columnar phase at 50
wt% of IL and the lamellar phase at 70 wt% in aqueous solutions of [C10mim][Cl] at 390 K, in
CG-MD simulations starting from random positions (after the NpT equilibration step), can be
visualized in the simulation movies, V2 and V3, provided as Supplementary Material.
Although there are no experimental studies in the literature for this specific chain length (n =
10), Inoue et al.17 studied the phase behavior of aqueous solutions of [C12mim][Br] by means of
DSC and POM, providing a sketch of a temperature-composition phase diagram. Depending on
the IL concentration, they observed two types of lyotropic liquid-crystalline gels, one composed
of lamellar phase and the other resembling the hexagonal phase. At 5 wt% of water, POM
observations at different temperatures exhibited a typical texture for lamellar liquid crystalline
(Lα) phase that is also observed in the pure IL. On the other hand, the textures observed in a
solution with 24.7 wt% of water exhibited the characteristics of hexagonal liquid crystalline (H1)
phase that is present in solutions containing up to 50 wt% of H2O. These observations are in
good agreement with the results obtained with our model for [C10mim][Cl] although in our
simulations, considering that the Lα phase is observed at 70 wt% of IL, the transition between
hexagonal to lamellar phases occurs at lower IL concentrations with the difference being
partially explained by the different chain length and implicit water molecules in the chloride
beads.
The effect of the IL concentration on the phase behavior was also evaluated for [C8mim][Cl]
and [C14mim][Cl]. The final snapshots of the CG-MD simulations carried at 298 K for IL
concentrations between 25 and 70 wt% are presented in Figures S6-S7. The results obtained in
our simulations suggest a similar phase behavior regardless of the chain length of the alkyl tail of
the imidazolium cation, although a shift of the phase diagram towards higher IL concentrations,
as the alkyl chain length of the [Cnmim+] cation is decreased, can be noticed. For this reason, one
of the differences between the concentration screening for [C8mim][Cl] (c.f. Figure S6) and that
of [C10mim][Cl] (c.f. Figure 5) is that the simulation of the aqueous solution of [C8mim][Cl] at
37 wt% shows the existence of a micellar cubic phase that is only observed at lower
concentrations in the case of [C10mim][Cl]. On the other hand, at the same concentration, the
simulation snapshot for [C14mim][Cl]/H2O (c.f. Figure S7) reveals the presence of even larger
elongated micelles than those shown in Figure 5.
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Additionally, the simulation at 68.1 wt% of [C8mim][Cl] (upper limit of IL concentration
imposed by the MARTINI FF) shows the existence of a bi-continuous phase that persists at
higher temperatures. The existence of such mesophase in the phase diagram of the studied
systems is somehow expected as for most amphiphiles containing a single alkyl tail. Thus, one or
more phases might be formed at amphiphile concentrations between those imposing the
formation of a hexagonal phase and those leading to the formation of a lamellar phase. Similarly,
the CG-MD simulation at 298 K and 70 wt% of [C14mim][Cl] presented in Figure S7, show that
the system also consists on an intermediate stage towards the formation of the lamellar phase
observed for [C10mim][Cl]. However, in this case, and as previously observed for the hexagonal
columnar phase, the [C14mim][Cl] system is trapped in a local minimum and, consequently, the
formation of the expected lamellar phase can be promoted by an increase in the simulation
temperature. Hence, as depicted in Figure 7, a CG-MD simulation for a 70 wt% aqueous
solution of [C14mim][Cl] at 450 K, starting from random positions, clearly yields the formation
of the expected lamellar phase (with a higher layer thickness than in the case of [C10mim][Cl]),
which is then retained at lower temperatures.

Figure 7. Final snapshots of CG-MD simulations for an aqueous solution of [C14mim][Cl] at 70
wt%. Color code is as in Figure 2.
The occasional need for high temperature simulations in order to clearly see the formation of
the hexagonal or lamellar phases in the studied systems suggest that annealing simulations,
starting from a high to low temperature, might be the best approach to attain a proper
thermodynamic equilibrium as, otherwise, the high energy barriers necessary to overcome local
minima during the simulations at lower temperatures, sometimes close to the melting point of the
IL, retain the systems in intermediate low-energy configurations. This seems to be particularly
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significant as the alkyl chain of the imidazolium cation, and consequently the melting point of
the IL, is increased.
In summary, the results obtained in this study suggest that the phase diagram of [Cnmim][Cl]
ILs essentially comprises the following mesophase distribution: 1) a region at low amphiphile
concentrations (cmc < c < ~ 37 wt%) where the system behaves as an isotropic solution, namely
consisting on spherical micelles, a micellar cubic phase or micellar rods, evolving as the IL
concentration is increased; 2) an hexagonal columnar phase at around 50 wt%; and 3) a lamellar
phase at higher IL concentrations. Intermediate configurations such as the existence of a bicontinuous phase between the hexagonal and lamellar phases are also very likely to occur.
Moreover, the range of conditions in which a given phase is formed is shifted towards higher IL
concentrations, as the chain length of the alkyl tail of the cation is increased. However, additional
MD simulations, preferentially using an annealing technique, have to be carried in the future in
order to provide a more detailed picture of the phase diagram (i.e. with narrower concentration
ranges and the evaluation of true temperature phase transitions).
Although the clear identification of these mesophases (e.g. hexagonal, lamellar) through
experimental techniques is extremely difficult, the formation of such lyotropic liquid crystals in
aqueous solutions of ILs based on the [Cnmim+] cation have been suggested in the literature.
Bowers et al.6 carried SANS measurements for an aqueous solution of [C8mim][Cl] at an IL
concentration of 3.527 M (around 81.3 wt%). The spacing length observed in the scattering data
was consistent with the possible formation of a lamellar phase, in agreement with our more
concentrated simulations. Goodchild et al.8, studied the formation of mesophases in concentrated
aqueous solutions of [Cnmim][X] salts, with n = 8, 10 and X = Cl- and Br- using 2H-NMR
spectroscopy and X-ray diffraction. The results obtained with both techniques suggest that for
these systems both hexagonal and lamellar phases can be formed, depending on the cation alkyl
chain length, counter-ion and IL concentration. Wu et al.18 studied the self-assembly and phase
behavior of the [C16mim][Cl]/H2O system by means of different techniques. In their
observations, diluted solutions containing between 10 - 25 wt% of IL are isotropic micellar
solutions at 328 K. However, the FFEM data revealed that the aggregates size ranges from 10 to
20 nm. This is consistent with the results obtained in our CG simulations for aqueous solutions
of [C14mim][Cl] in this range of concentrations. The presence of a remarkable number of
elongated micelles coexisting in equilibrium with smaller spherical ones can help to explain the
24

aggregate size differences observed. Furthermore, a combination of FFEM and X-ray scattering
results suggested that solutions containing 50 wt% of IL, consisted on cylindrical aggregates
with a diameter of ~ 7 nm, resembling the hexagonal phase, in excellent agreement with our
simulations for this concentration.
Overall, the limited experimental data available in literature seems to be in good agreement
with the results obtained from our CG MD-simulations, suggesting that the proposed model can
indeed be a useful tool to unravel the phase behavior of imidazolium-based ILs in water.

3.3.

Polar and non-polar domain segregation in ILs
Although ILs based on the [Cnmim+] cation with n < 8 do not form micelles nor ordered

phases in their pure state, the existence of a substantial structural heterogeneity in the liquid
phase, due to the aggregation of alkyl tails into non-polar domains, has been reported for ILs
possessing alkyl side chains containing at least four carbon atoms. Canongia-Lopes and Pádua58
were the first to report the nanoscale structuring of ILs at room temperature using AA-MD
simulations. The simulation snapshots of [Cnmim][PF6] ILs clearly revealed the formation of a
continuous tridimensional polar network that becomes more and more permeated by nonpolar
domains, as the cation chain length is increased. Later, using X-ray, Triolo and co-workers59
provided experimental evidence of such nanoscale segregation in intermediate alkyl chain length
room temperature ILs: the existence of a diffraction peak in the low Q-range (2.5 - 4.5 nm-1) in
[Cnmim][Cl] and [Cnmim][BF4] ILs with n ≥ 4, whose location and intensity strongly depends on
the alkyl chain length.
Although the MARTINI FF does not allow the study of neat [Cnmim][Cl] ILs, due to the
implicit water molecules included in the CG beads representing the anion, it is not expectable
that the presence of such implicit waters impose significant differences upon the phase behavior
observed in CG-MD simulations. Thus, the simulations carried in the absence of explicit water
beads may represent a good approximation of the neat IL. Hence, four CG-MD simulations at
298 K and four different IL concentrations (0.438, 1.00, 1.50, and 3.54 M) were carried out for
an aqueous solution of [C4mim][Cl]. The objective of these simulations is twofold: Firstly, a
crucial test for the CG model developed in this work is to model aqueous solutions of ILs
possessing short alkyl tails for which no self-aggregation is expected. In this manner, the
[C4mim][Cl] should behave as a simple salt as previously suggested in literature.8 Secondly, the
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simulation of the most concentrated system, in the absence of explicit water beads, is intended to
evaluate the ability of our CG model to replicate the formation of the non-polar domains and,
ultimately, the reproduction of the characteristic low Q-peak in the total structure factor. This
would demonstrate the intermediate-range ordering of the liquid phase and its variation with the
water content.
The final snapshots of the CG-MD simulations carried out for IL concentrations up to 1.5 M
(26.2 wt%) are shown in Figure 8, revealing, as expected, an isotropic liquid solution, without
any spatial organization, in agreement with the experimental observations.8 To further confirm
the systems homogeneity, the number density profiles of water molecules, IL head groups, IL
alkyl tails and chloride anions along the simulation box were calculated for the solution at 1.5 M.
The results obtained along the x-axis are depicted in Figure S8 and show that the number density
of the different bead groups is homogeneous across the simulation box (similar results were
obtained for the y and z axes), as expected in an isotropic solution with no evidence of
intermediate to long-range ordering.

Figure 8. Final snapshots of the CG-MD simulations carried out for the [C4mim][Cl]/H2O
system at 298 K and an IL concentration of a) 0.438 M b) 1.0 M and c) 1.5 M. Color code is as
in Figure 2.
On the other hand, the simulation carried out in the absence of explicit water beads (i.e. 3.54
M), whose final snapshot is shown in Figure 9, using the same color code as in the work of
Canongia-Lopes and Pádua58 (red for the polar domains and green for the nonpolar ones), shows
a very similar arrangement of the IL moieties to that reported for [C4mim][PF6] using AA-MD
simulations (c.f. Figure 5c of ref.58), where a tridimensional polar network is permeated by
nonpolar domains.
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Figure 9. a) Final snapshot of a CG-MD simulation of [C4mim][Cl] at 298 K, in the absence
of explicit water beads. The non-polar domains are represented in green color (alkyl tail beads)
while the polar network (imidazolium ring + anion beads) is depicted in red. b) Static structure
factor for [C4mim][Cl] obtained from the MD trajectories of the simulations carried out at 298 K.
To further confirm the existence of this nm-scale organization, the MD trajectory of this
simulation was used to calculate the SAXS structure factor using the GROMACS package and
further compare it with the one obtained from the simulation of the most diluted system (0.438
M). The resulting structure factors are shown in Figure 9b and while the SAXS obtained for the
system at 0.438 M (black line) is essentially featureless in the whole Q-range, the structure factor
obtained for the most concentrated system (orange line) presents the three peaks typically
observed in neat IL. Furthermore, the location of the three peaks is in very good agreement with
literature,60–62 namely the pre-peak in the range 2.5 - 4.5 nm-1, the shoulder peak around 9 nm-1,
and the main peak around 15 nm-1. To the best of our knowledge, this is the first time that the
existence of the low Q-peak, denoting the existence of nano-scale segregation in ILs is shown
through CG-MD simulations.
As the low Q-peak presented in the structure factor is generally attributed to the segregation
of alkyl tails, the tail-tail RDF was calculated for the four simulations presented in this section
and are shown in Figure S9. The obtained RDFs clearly show the increase in the tail-tail
interactions with the increase of the IL concentration, in agreement with previous experimental
and modelling observations.58,59
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4. Conclusions
In this work, a new CG model for imidazolium ILs based on the MARTINI FF was
developed. Contrarily to the CG models currently available in literature, which were mostly
developed to reproduce structural and dynamical properties of neat ILs,37,40 the new model is
intended to provide a further understanding of the rich surfactant-like phase behavior exhibited
by aqueous solutions of imidazolium-based ILs, while overcoming the lack of transferability,23,24
or the use of oversimplified CG mappings that characterize previous models.25,35
Taking advantage of the CG nature and transferability of the model, a systematic
investigation of the effect of the alkyl chain length, IL concentration, and temperature on the
phase behavior of aqueous solutions of [Cnmim][Cl]. The model was able to accurately
reproduce both AA simulations as well as experimental results across a wide range of
concentrations from dilute solutions to the lyotropic crystal phases characteristic of concentrated
long-chain IL solutions.6,8,17,18 The new model was also used to investigate the existence of nanoscale segregation in shorter alkyl chain ILs (n = 4). A CG simulation carried in the absence of
explicit water beads showed the formation of a 3-D polar network permeated by non-polar
domains in very good agreement with previous experimental and AA-MD studies.58,59
Furthermore, the static structure factor obtained from the CG-MD trajectory, exhibited a sharp
pre-peak in the low Q-range, common evidence of the aforementioned intermediate range
ordering of ILs.59,62
The results obtained in this work suggest that the new transferable CG model can be a useful
tool for a further understanding of aqueous solutions of ILs and their numerous derived
applications such as at the oil-water interface and emulsions, in mixed surfactant systems, as
nano drug carriers or as advanced hierarchical architectural templates to name but a few.63–65
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