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The structuring effect of the alkyl domains on the
polar network of ionic liquid mixtures: a
molecular dynamics study†

Valerio Mazzilli, ab Yanting Wang cd and Giacomo Saielli *ab

By using molecular dynamics simulations, we investigate the structural and dynamic properties of

mixtures of 1,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C1im][Tf2N] and 1-dodecyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide, [C12C1im][Tf2N] (also C1 and C12 in short). Such

mixtures feature an imidazolium bistriflimide salt with a very short alkyl chain, not giving rise to any

nano-segregation as a pure component, with another one with a longer alkyl chain that exhibits a

substantial nano-segregation as a pure liquid. As the mole fraction of the long-chain component C12 is

increased, the so-called pre-peak of the structure factor S(q), occurring in the region 1–3 nm�1, shows a

shift to higher values of the wavevector q, mirroring a decrease of the corresponding correlation length.

Moreover, the intensity of the pre-peak strongly increases with the C12 concentration. These results are

in very good agreement with experimental X-ray scattering data in the literature. On the other hand, the

diffusion of the ions is found to exhibit a simple behaviour consistent with the increased viscosity of the

mixture, and these results are also in good agreement with NMR experimental data from the literature.

The simulation results are rationalized as caused by a structuring effect, similar to the hydrophobic

effect, of the alkyl domains of the C12 component dissolved in the ‘‘solvent’’ represented by the C1

cation, the Tf2N� anion and the C12 cation head. In short, the exclusion of the alkyl chains from the

polar network, a process mostly governed by electrostatic interactions, favours the formation of

hydrophobic domains, which in turn exert a structuring effect on the ions of the polar domains,

favouring a stronger ionic interaction. This is finally reflected in a shorter correlation length and a higher

intensity of the pre-peak of the structure factor S(q) as the C12 mole fraction is increased. At variance

with the microscopic structure, the diffusion of all three types of ions is not strongly influenced by the

nano-segregation and is essentially dependent on the viscosity of the mixture.

Introduction

Ionic liquids (ILs) are isotropic and fluid condensed phases
entirely composed of ions. They are receiving increasing
interest from the scientific community mainly because of their
outstanding solvent and conductive properties.1 Recent reviews
can be found covering the use of ILs as solvents for synthesis

and catalysis,2 as electrolytes for energy storage and conver-
sion3 and industrial applications.4 Typically, ILs are composed
of relatively large and bulky organic cations, such as N-alkyl
imidazolium or N-alkyl pyridinium derivatives, paired with
inorganic and generally smaller and rigid anions, such as halides,
tetrafluoroborate, hexafluorophosphate and bis(trifluoromethane-
sulfonyl)imide, also known as bistrifimide or Tf2N or TFSI.5 The
last one is, in fact, an example of a rather hydrophobic, large and
flexible anion that is capable of significantly extending to lower
temperatures, the thermal range of stability of the liquid phase of
ILs, thanks to its low charge density and weak coordinating
ability.6

One of the key properties of ILs is their heterogeneous
structure, at the nano-scale level, due to the presence of ionic
(polar) parts and hydrophobic alkyl carbon chains (non-polar
parts), chemically linked in the same molecule, usually the
cation. While ions and alkyl parts would be expected to phase-
separate if belonging to different molecules, they instead
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produce complex nano-segregation in the isotropic phase of
ILs, provided that the alkyl chains are of at least four carbon
atoms or longer.7 Such micro-heterogeneity has been predicted
first by molecular dynamics (MD) simulations8,9 and then
experimentally confirmed.10

While the number of pure ILs is certainly large, due to the
possibility of pairing together many different cations with
several anions, an additional very efficient tool to finetune
the physicochemical properties of ILs, such as density, viscosity,
conductivity and solvent power, is to mix them together to create
mixtures.11 Moreover, since it is possible to mix together ILs
sharing a common cation or a common anion, the tuning of the
properties can be pushed to a high level of ‘‘resolution’’, as
long as the two systems are miscible. An interesting question,
however, arises in cases where ILs with very short alkyl chains,
like 1,3-dimethylimidazolium or 1-ethyl-3-methylimidazolium
(therefore, systems where nano-segregation is not expected to
be found) are mixed with similar systems but having a longer
alkyl chain. In this case, how do the structural and dynamic
properties change in going from the homogeneous system (pure
short-chain imidazolium salt) to the heterogeneous system, that
is, their pure long-chain imidazolium counterpart? A word of
caution is in order here: although imidazolium salts with much
longer alkyl chains than C12 exist (therefore a C12 chain should
be called an intermediate alkyl chain), it is known that, also
depending on the counter–anion, such systems form ionic liquid
crystal phases.12–14 However, we will not consider them here
since we wish to avoid the complications due to the formation of
long-range orientational and positional order.

An interesting system to study the effect of mixing two ILs
sharing a common anion is given by short- and long-chain
imidazolium bistriflimide salts. The reason is that N-alkyl
imidazolium Tf2N salts have a large and overlapping range of
the liquid phase for all chain lengths. Moreover, they are
miscible in any proportion. Recently, a few experimental inves-
tigations have appeared in the literature concerning mixtures of
imidazolium bistriflimide salts, for example, Cabry et al.
reported extensive data from SAXS and MD simulations on a
mixture of ethyl- and dodecylmetylimidazolium in a range of
temperatures.15 Mixtures with longer alkyl chain systems have
been investigated by Pontoni et al.16,17 who also observed the
formation of smectic layers.

Structural features of 1,3-dimethylimidazolium bistrifli-
mide, [C1C1im][Tf2N], mixtures with 1-dodecyl-3-methylimida-
zolium bistriflimide, [C12C1im][Tf2N], have been studied by
Russina et al.18 using X-ray scattering experiments. The authors
have investigated the presence of structural inhomogeneities
in the system and how these depend on the composition.
They have found that the so-called pre-peak in the scattering
function, S(q), around 2–3 nm�1, grows in intensity with
increasing mole fraction of the dodecyl component. The pre-
peak indicates the existence of inhomogeneities in the density
of the liquid mixture and its position with respect to the
scattering vector q is related to the size of the inhomogeneities.
It has also been found that the position of the peak, that is the
value of q corresponding to the maximum of the scattering

intensity, linearly depends on the cubic root of the volume
fraction of the long-chain component. The authors have
explained these observations as a result of correlations between
nearest neighbours of aggregates (the alkyl chains) disperse in
the ‘‘solvent’’, that is the polar network made of anions and
cationic imidazolium heads.

A very similar mixture with 1-ethyl-3-methylimidazolium,
[C2C1im], as the short-chain component instead of 1,3-
dimethylimidazolium mixed with 1-dodecyl-3-methylimida-
zolium, and [Tf2N] and [BF4] as counter–anions, were also
studied recently by Di Pietro et al.19 using NMR spectroscopy.
In particular, the authors focused on the dynamic properties of
the mixtures including NMR relaxation times and diffusion
coefficients of cations and anions as a function of the composi-
tion. One of the interesting findings is that the two mixtures
show a quite different dynamic behaviour, with the tetrafluoro-
borate systems being mostly dominated by Coulomb interaction,
while for the flexible and low charge density bistriflimide case,
both Coulomb and van der Waals (VDW) interactions were found
to be important in dictating the dynamic behaviour.

It is therefore of interest to investigate mixtures of N-alkyl-
imidazolium bistriflimide salts also from a microscopic point
of view in order to shed light on two important issues: (i) what
is the microscopic mechanism responsible for the formation of
the pre-peak in the structure factor S(q) and its peculiar
dependence on the C12 concentration? (ii) what is the relation-
ship between structural and dynamic properties of mixtures of
these ILs? Are they affected in the same way by the increasing
concentration of the long-chain component?

Here we present the results of fully atomistic MD simulation
of structural and dynamic properties of the mixtures of 1,3-
dimethylimidazolium, [C1C1im], and 1-dodecyl-3-methylimi-
dazolium, [C12C1im], having bistrifimide as the counter–anion,
in a range of compositions, from pure [C1C1im][Tf2N] to pure
[C12C1im][Tf2N]. We have used a force field (FF) developed by
Köddermann et al.20 specifically tuned to quantitatively repro-
duce both structural and dynamic properties of imidazolium
bistrifimide ILs. Although the FF is non-polarizable, since
the anion is very weakly coordinating and has a relatively low
charge density, the authors have successfully parameterized the
FF in order to obtain a quantitative agreement concerning
diffusion coefficients.20,21 Therefore, we are quite confident
that the result of the MD simulations will be able to describe
quantitatively at a microscopic level the systems investigated
and to draw insightful conclusions on the structure and
dynamics of the mixtures.

Computational details

We prepared 11 simulation boxes of mixtures of [C1C1im][Tf2N]
and [C12C1im][Tf2N] (C1 and C12 in short, hereafter, see also
Fig. 1) with the C12 mole fraction xC12

ranging from 0.0 (pure C1)
to 1.0 (pure C12) in step 0.1. Some details are reported in Table 1.

The simulation boxes were built by randomly placing the
appropriate number of C1 and C12 cations and Tf2N� anions in
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a large box (13–15 nm of the box size) using Packmol.22 For
mixtures rich in the smaller size component, we used a larger
total number of ion pairs to guarantee that the structure factor
could be calculated up to a sufficiently small value of the
scattering vector q. The systems first went through an energy
minimization and then were simulated at T = 800 K for 5 ns in
the NVT ensemble, followed by 2 ns at 700 K, 2 ns at 600 K, and
2 ns at 500 K simulations in cascade in the NPT ensemble at
P = 1 atm using the Berendsen thermostat and barostat.23

Finally, the boxes were equilibrated for 20 ns at 400 K in the
NPT ensemble. The last 10 ns of this run were used to evaluate
the average box size to be fixed in the subsequent production
NVT runs.

The final production runs, for all the systems, were obtained
in the NVT ensemble with a timestep of 1 fs integrated with the
leap-frog method at 400 K for 5 � 107 steps, producing simula-
tions of 50 ns. The cut-off distance for both Coulombic and
VDW interactions was set to 1.4 nm, and the electrostatic
interactions beyond this threshold were calculated using
the Particle Mesh Ewald method with a grid spacing for FFT
of 0.16 nm. All the simulations were carried out using
GROMACS24–27 and the FF employed in the simulations was

the one proposed by Köddermann et al.20 for short-chain
imidazolium bistriflimide salts and extended to longer chains
simply by replicating the methylene parameters. The FF is a
refinement of the one developed by Canongia Lopes et al.,28

performing particularly well not only for structural properties,
but also for dynamic properties even though it is a non-
polarizable one.20,21 Nonetheless, in order to speed up the
dynamics, we run all simulations at 400 K rather than room
temperature. While this choice is expected not to significantly
impact the structural properties of the mixtures, it does allow a
faster equilibration and exploration of the phase space.

Average properties were calculated using the production run
where the configurations were saved every 5 ps. The radial
distribution functions (RDFs) and mean square displacements
(MSDs) were obtained using the GROMACS built-in utilities.
The diffusion coefficients D of the three types of particles were
then obtained by a linear fit of the MSD in the range of 5–45 ns
according to the Einstein relation MSD = 6Dt, where t is the
time interval. Several structural properties were obtained using
the software package TRAVIS.29,30 The analysis in TRAVIS was
performed on a 100-frame trajectory sampled every 0.3 ns.
In particular, we have calculated the X-ray structure factor
S(q)31 and the alkyl domain distribution and size.32 The S(q)
is calculated starting from the theoretical structure factor I(q)
defined as:

IðqÞ ¼
XN
i¼1

XN
j¼1

xixjfiðqÞfjðqÞHijðqÞ (1)

where q is the wavevector modulus, i and j are the indices
running over all N atoms in the system, xi and xj are the molar
fractions of i and j atom types, and fi(q) and fj (q) are the atomic
scattering factors for atoms i and j. Hij(q) is the partial structure
factor between atom types i and j, defined as:

HijðqÞ ¼ 4pr0

ðrmax

0

r2 gijðrÞ � 1
� �sinðqrÞ

qr
dr (2)

where gij(r) is the RDF calculated between i and j atom pairs and
rmax is the maximum sampled distance for the calculations of
gij(r) and the atomic number density r0. The rmax value was
always set at less than half of the simulation box length to avoid
artifacts. Finally, the normalized structure factor S(q) is
obtained from the following equation:

SðqÞ ¼ IðqÞ
, Xn

i¼1
xifiðqÞ

 !2

(3)

As have been reported in the work of Kirchner et al.,31 the
domain analysis implemented in TRAVIS is based on the
radical Voronoi tessellation, whose full description can be
found in ref. 33–35. The Voronoi domains are composed of
multiple Voronoi sites. In this study, every atom is a site, and it
is surrounded by a Voronoi polyhedron or a Voronoi cell, which
is built by using the VDW radius of the corresponding atom.
Each of the polyhedron face is in contact with other Voronoi
cell’s faces. If the two Voronoi cells belong to the same group,
i.e. cells built around the same alkylic carbon, and have a

Fig. 1 Structural formula of (top) 1-dodecyl-3-methylimidazolium, [C12C1im]
or C12 in this work; (bottom left) 1,3-dimethylimidazolium, [C1C1im] or C1 in
this work; (bottom right) bis(trifluoromethanesulfonyl)imide, [Tf2N]. The
methylene and methyl groups of the alkyl chain of [C12C1im] from C40 to
the terminal methyl C12

0 bear no total charge.

Table 1 Some simulation details of the boxes. xC12
is the mole fraction of

C12, NC1
and NC12

are, respectively, the numbers of C1 and C12 cations
(paired with NC1

+ NC12
anions), and L is the cubic box side length. qmin is

the minimum wave vector, given by 2p/(L/2), that can be obtained from the
simulations

XC12
NC1

–NC12
L/nm qmin/nm�1

0.0 3000–0 10.9143 1.151
0.1 2250–250 10.5338 1.193
0.2 1600–400 10.0122 1.255
0.3 1120–480 9.5021 1.322
0.4 600–400 8.2946 1.515
0.5 500–500 8.4570 1.486
0.6 400–600 8.6135 1.459
0.7 300–700 8.7651 1.434
0.8 200–800 8.9105 1.410
0.9 100–900 9.0517 1.388
1.0 0–1000 9.1886 1.368
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shared cell face, they merge together and enlarge that domain
extent. The separation of different Voronoi cells of molecules is
found to be a reliable method for domain search even in bulk
phases.36 In this study, this method is applied to get insights
into the alkyl domains within the system. Domains are
composed of a discrete number of cells and their surface area
A and volume V are calculated by summing these contributions.
Moreover, the isoperimetric quotient (IQ) is defined as:

IQ ¼ rsphereðVÞ
rsphereðAÞ

� �6

¼

ffiffiffiffiffiffiffiffiffi
3

4p
V

3

r
ffiffiffiffiffiffiffiffiffi
1

4p
A

r
0
BBB@

1
CCCA

6

¼ 36p
V2

A2
(4)

where rsphere(V) and rsphere(A) are the radii corresponding to an
equivalent sphere with a volume V and one with a surface area
A, respectively. The sixth power is employed to obtain integer
exponents. IQ values are restricted between 0 and 1, with 1
being a perfect spherical domain. The analyses of IQ and V are
used to characterize domain extension, connection, and shape.

The heterogeneity order parameter (HOP), first introduced
by Voth and Wang,37 has been used to calculate the degree of
deviation of the spatial distribution of the terminal methyl
carbons on alkyl chains with respect to a perfectly random
distribution. It is defined as:

HOP ¼ 1

N

XN
i

XN
j

exp � rij
2

2r2=3

� �
� h0 (5)

where N is the number of sites, rij is the distance corrected for
periodic boundary conditions between two sites i and j, and r is
the number density. h0 is the limiting value for a perfect
random distribution, equal to 15.7496.37

Finally, the orientational distribution of the relative mole-
cular orientation has been calculated using a home-made code:
we define the vector connecting carbon C40 of the alkyl chain
(the first CT type carbon atom of the chain, see Fig. 1) with the
terminal methyl carbon, C12

0, as the main chain vector. We also
calculated its mid-point, which basically corresponds to the
coordinate of C80 for an all-trans alkyl chain but might be
different for a chain with several gauche conformations. Then
we calculated the probability distribution P(y, R) to find two
chain vectors at an angle y and with their mid-points at a
distance R.

Results and discussion
Structural properties

We begin our analysis by looking at the structural properties of
the mixtures using some selected RDFs between atoms of the
anion, cation and alkyl chain, along with the inspection of
some snapshots. Fig. 2 and 3 show the RDFs of the ionic
portion of the molecules, while Fig. S1 in the ESI† shows the
RDFs involving the terminal methyl carbon of the alkyl chains
in [C12C1im] molecules.

The different systems behave similarly when regarded at a
close range without substantial differences in the shape of

the RDFs. The close-range pattern of cation and anion is,
therefore, present in all the systems, see Fig. 2(c). However,
a closer inspection reveals an interesting trend: in Fig. 3 we
show the cation–anion RDF (calculated between the carbon C2

on the cationic ring and the nitrogen on the anion) for various
systems. The RDFs are normalized with respect to the height of
the first peak at around 5 Å (Fig. 3(a)) and with respect to the
height of the second peak at around 7 Å (Fig. 3(b)) in order to
better see the relative positions of the peaks. It is clear that, by
increasing the mole fraction of C12, the peaks shift towards
shorter distances, indicating a stronger cation–anion inter-
action. This is clear both in Fig. 3(a) where, though the
maximum does not change significantly, the sides of the peak
at around 5.5 and 4.5 Å are shifting to the left with increasing
C12 mole fraction, and more clearly in Fig. 3(b) where the
maximum of the peak is clearly dependent on the mixture
composition, see also Table S1 (ESI†) for an estimate of the
position of the maxima. This trend of a closer cation ring–anion

Fig. 2 (a) RDF of the N–N distance between two anions; (b) RDF of the
C2–C2 distance between two imidazolium heads (irrespective of being
[C12C1im] or [C1C1im]); (c) RDF of the N–C2 distance between an anion and
an imidazolium head (irrespective of being [C12C1im] or [C1C1im]) (see Fig. 1
for atom labelling).
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interaction is confirmed by the inspection of the RDF of the
nitrogen of the anion with the other two carbons of the ring, see
Fig. S2 in the ESI,† where the relative intensity of the shoulder
at short distances (around 3.50 Å) increases with increasing
mole fraction of C12. Therefore, it appears that the growth of
the alkylic domains is responsible for a stronger structuring of
the polar network.

The RDFs involving the terminal methyl group of C12 can be
found in the ESI,† Fig. S1, and reveal a limited structure, as
expected for a liquid phase.

In Fig. 4 we show some selected snapshots of the boxes
highlighting the alkyl chains of [C12C1im].

A certain degree of chain aggregation appears early with
increasing the C12 mole fraction. To have a deeper understand-
ing of the aggregation of alkyl chains, a feature which has
been extensively documented for pure ILs both from MD
simulations8,9,39 and experiments,10 we have calculated the
HOP introduced by Voth and Wang.37 This parameter, see
eqn (5) in the Computational details section, measures the
degree of aggregation of particles in a given volume. For a
perfect random distribution of positions, it is scaled to zero
by subtracting the asymptotic values. A HOP larger than 1
indicates a certain degree of aggregation of the particles. In
Fig. 5 we show the trend of the HOP of the terminal methyl
group on the alkyl chain of the [C12C1im] cation for various
compositions.

As we can see, it appears that the HOP goes through a weak
maximum. This profile suggests a competition between two
opposite trends. On the one hand, at low C12 mole fractions, the
‘‘hydrophobic’’ effect favours the aggregation of the relatively

Fig. 3 Enlarged versions of the (c) panel of Fig. 2 representing the RDF of
the N–C2 distance between an anion and an imidazolium head (irrespec-
tive of being [C12C1im] or [C1C1im]) (see Fig. 1 for atom labelling). RDFs are
normalized by the height of the respective peaks: (a) the peak around 5 Å
and (b) the peak around 7 Å.

Fig. 4 Snapshots of the equilibrium boxes at 400 K for compositions xC12

of (a) 0.1; (b) 0.2; (c) 0.5; and (d) 0.9. Alkyl chains (CT type carbons) are
highlighted in blue while the rest of the atoms (ionic parts) are in yellow.
The two sets are represented as a surface probed by particles with a radius
of 0.14 nm. Snapshots have been generated using the VMD software.38
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few alkyl chains and the ensuing nano-segregation from the
ionic parts. This mechanism was proposed already by Wang
and co-workers in ref. 40 where the authors observed that the
nano-segregation of alkyl chains in pure ILs is mostly driven by
the strong electrostatic interactions of the ionic parts which
‘‘push’’ away the non-polar moieties, rather than by VDW
interactions among the chains themselves. This aggregation
increases with increasing C12 mole fraction. However, at the
same time, the methyl terminal group used as a probe of the
chain aggregation is also diluted within the increasingly large
alkyl domains. Therefore, the HOP appears only slightly varying
with the composition due to these two opposite effects.

To further shed light on this issue, domain analysis was
performed according to the theoretical description reported in
the Computational section. Fig. 6 shows the domain’s volume
versus its IQ, which is used to describe the sphericity of a
domain in IL simulations. The closer to 1 the numerical value,
the more spherical in shape the domain is. A large deviation
from 1 indicates an aspheric domain.

The calculated volumes and IQs suggest that, as expected,
the size of the alkyl domains as well as the distribution of sizes
increases with increasing C12 concentration, as suggested by
the spread of the volume values for large C12 compositions.
At the same time, the domains always appear far from a
spherical shape, which can be attributed to the possibility of
the alkyl chains to align roughly parallel to each other. To get
insight into the chains’ arrangement within the alkyl domains,
a distance-orientation analysis is performed for the system with

composition xC12
= 0.80 as a representative example. The chains

in these domains are in fact more likely to be aligned parallel or
antiparallel to each other as it can be seen from Fig. 7, where
the probability distribution of distance and orientation of side
chains is reported. The probability exhibits a clear peak in
intensity at a relatively close distance between the alkyl chains
for orientations with cos(y) = �1, which corresponds to the two
vectors highlighted in Fig. 7 (and defined in the Computational
section) being parallel or antiparallel.

To conclude the structural analysis, the calculated X-ray
structure factor S(q) for all the systems is shown in Fig. 8. For
pure C1, a simple fluid with no nano-domain segregation, we
observe that the whole region between the smallest available
wavevector (1.151 nm�1) up to about 7 nm�1 is completely flat,
indicating that no inhomogeneities are present in the fluid, as
in simple organic molecular solvents. In contrast, for pure C12,
we observe a well-defined intense pre-peak centred at around

Fig. 5 Heterogeneity order parameter of the terminal methyl of the alkyl
chain of C12 as a function of the C12 mole fraction.

Fig. 6 Domain’s volume vs. isoperimetric quotient for all the mixed
systems.

Fig. 7 Probability distribution to find a pair of chains as a function of their
mutual distance and orientation, as defined in the scheme on the right, for
the system with composition xC12

of 0.80. See also the Computational
section for details.

Fig. 8 The calculated S(q) as a function of the wavevector q for all the
studied systems.
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2.3 nm�1, nonetheless still quite broad due to the liquid nature
of the phase. On decreasing the mole fraction xC12

, we observe
a broadening of the pre-peak, a shift to lower q values and,
most important, a gradual decrease of the intensity until
the pre-peak disappears for systems with xC12

= 0.1 and 0,
at least within the range of wavevectors available from the
simulations. Remarkably, the loss of intensity does not show
any abrupt change, but rather decreases regularly with the
composition.

The calculated profiles well reproduce the experimental
trends reported by Russina et al.18 who measured small angle
X-ray scattering of [C12C1im]/[C1C1im][Tf2N] mixtures and
noticed the growth of a peak in the region with q o 3 nm�1.
This behaviour of S(q) is explained by Russina et al. by means of
interacting pseudospherical aggregates. The pre-peak’s q posi-
tion contains the information about the distance between
interacting pseudospherical aggregates while its broadening
determines whether this distance peaked around certain values
as in rich C12 mixtures, or it spans several q values as the
content of C12 decreases. The substantial increment of the pre-
peak, as the C12 mole fraction is increased, is therefore due to a
‘‘structuring’’ effect (akin to the hydrophobic effect when a non-
polar molecule is solvated by water) of the ionic domains where
the alkyl domains act as spacers. Again, this interpretation
is also consistent with the proposed predominant role of
the electrostatic interactions as the driving force for the nano-
segregation in pure ILs reported in ref. 40.

To further examine this issue, we have calculated the contri-
butions to the total S(q) coming from cation–cation, anion–
anion, cation–anion, chain–cation, chain–anion and chain–chain
correlations. They are reported in Fig. 9 for the system with
composition xC12

= 0.80 as an example. As it can be observed,
the strongest positive contribution comes from anion–anion
correlations, while the cation–cation correlations are also
significant but negative. Weaker contributions are obtained
from the chains. This confirms the interpretation of the alkyl
domains being a sort of structuring agent of the ionic polar
network, which, in turn, is the main resource responsible for
the scattering intensity in the pre-peak region.

Finally, the position of the pre-peak as a function of the

cubic root of C12 volume fraction, F1=3
C12

, is depicted in Fig. 10,

where we observe a linear dependence of the pre-peak position

on the parameter F1=3
C12

. This trend, reported by Russina et al. in

ref. 18, is reproduced almost quantitatively and might be
attributed to the fact that alkyl domains on average stay closer
as the content of C12 increases. Their structuring effect on the
polar network then results in a closer packing of ions around
the hydrophobic domains which is reflected in a larger value of
the scattering vector. This interpretation of the results is
supported by the RDFs shown in Fig. 3 which highlights a
closer ionic interaction as the content of C12 increases.

Dynamic properties

We now turn our attention to the dynamic properties of the
mixtures. In Fig. 11 we show the diffusion coefficients D

obtained by a linear fit of the MSD (see the Computational
details section) for the three types of ions present in the
mixtures. The diffusion coefficients appear to decrease rather
smoothly with increasing C12 mole fraction because heavier
cations make the movements of all ions slower. D(C12) is scaled
by a factor of about 0.50 compared to D(C1) while it appears to
be scaled by a factor of about 0.75 compared to the bistriflimide
anion, see Table S2 in the ESI.† This is something that can
be expected based on the Stokes–Einstein relation for the

Fig. 9 Partial structure factor Hij(q) for selected pairs to evaluate their
contribution to S(q) for the system xC12

= 0.8. (a) The anion–anion (N–N),
cation–cation (C2–C2) and anion–cation (N–C2) contributions and (b) the
chain–chain (C12

0–C12
0), anion–chain (N–C12

0) and cation–chain (C2–C12
0)

contributions. The total S(q) is also shown for comparison.
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diffusion coefficient D of a particle with radius r in a medium
with viscosity Z,

D ¼ kBT

6pZr
(6)

and the sizes of the three particles which are in the order C1 o
Tf2N o C12. In fact, a quantum chemical calculation of the
volume of each molecule at the B3LYP/6-31G** level of theory41

gave 101.3, 199.7 and 336.2 Å3 mol�1 for C1, [Tf2N] and C12,
respectively, which corresponds to a ratio of the corresponding
radii (assuming a spherical shape) of 0.67 and 0.80, respec-
tively. The trend is qualitatively correct even though the
approximation of a spherical particle appears particularly pro-
blematic for C12. D(Tf2N) is intermediate compared to the
diffusion coefficients of the two cations. As can be seen in
Fig. 11, for pure C12, the anions diffuse faster than the cations,
while for pure C1, anions diffuse slower.

The solid lines in Fig. 11 represent a fitting using the
Grunberg and Nissan mixing law42 which only involves the
viscosities, Z1 and Z2, of the two pure phases to predict
the viscosity Z of the mixture:

log10
1

Z

� �
¼ log10

1

Z1

� �
þ log10

1

Z2

� �
(7)

Assuming the validity of the Stokes–Einstein relation,
eqn (6), for the diffusion coefficient, eqn (7) can be easily recast
in a similar expression for D of a given molecule in the mixture
as a function of D of the same molecule in the pure systems.
This also allows estimating the infinite dilution limit of
the diffusion coefficient of C1 in pure C12 and that one of C12

in pure C1, which are not available from the simulations.
The values in the pure systems obtained from the fitting are
reported in Table 2.

Although the values of the diffusion coefficients qualitatively
match the expected behaviour for different sizes of the ions and
the viscosity of the mixture, it is worth mentioning that an
unusual trend has been observed both from experiments43 and
simulations44 in some ILs, where the larger cations have been
observed to diffuse faster than the smaller anions, as an
example in 3-ethyl-1-metylimidazolium tetrafluoroborate. The
existence of partially arrested states, where the anions form a
glassy network while the cations are still fluid, has been
proposed as an explanation for such behaviour.44 In the present
case, however, we expect to be far from the glass transition so
that a normal behaviour simply dependent on the viscosity and
the molecular size is observed. In fact, the ratio of the three
diffusion coefficients is quite constant through various compo-
sitions (see Table S2 in the ESI†), suggesting that they are
simply rescaled by the viscosity of the mixture that varies as a
function of the composition.

The overall picture is that the dynamic properties of the
constituent ions are not significantly affected by the nano-
segregation and heterogeneous structure of the mixed systems.

Fig. 10 The pre-peak position of the simulated systems (except for xC12
of

0.1 and for pure C1) are reported against the cubic root of the C12 volume
fraction, F1=3

C12
.

Fig. 11 Diffusion coefficients D calculated according to the MSD of the
C2 atoms representing cations and the MSD of the N atoms representing
anions. The error bar has been estimated to be �0.1 � 10�10 m2 s�1 by
running three independent runs of the xC12

= 0.5 system. Solid lines are the
fitting using the Grunberg and Nissan mixing law given in eqn (7).

Table 2 Diffusion coefficients of the ions in the pure compounds
obtained from the fitting of the simulated data, 10�10 m2 s�1

Pure C12 Pure C1

[Tf2N] 1.34 3.35
C12 0.93 2.60
C1 1.58 5.20
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The very same behaviour was experimentally observed in mix-
tures of [C12C1im] with 1-ethyl-3-methylimidazolium salts
(while in our simulations and in the experiments of ref. 18
the long-chain dodecylimidazolium is mixed with dimethy-
limidazolium) and bistriflimide.19 Similar to our results, the
diffusion coefficients of the short- and long-chain cations
varied smoothly with the composition following the viscosity
change, while the anion was found in all cases to have an
intermediate diffusion coefficient between the two cations.19

Conclusions

The results of our fully atomistic MD simulations of mixtures of
[C1C1im][Tf2N] and [C12C1im][Tf2N] at various compositions
show a very good agreement with the experimental results of
Russina et al.18 concerning the trend in the intensity and
position of the pre-peak in the X-ray structure factor S(q). Our
results are also fully consistent with the experimental diffusion
coefficient trends for similar mixtures reported by Di Pietro
et al.19 This, on the one hand, confirms the goodness of the FF
by Köddermann et al.20 for the description of both structural
and dynamic properties of mixtures of bistriflimide imidazo-
lium salts, while on the other hand, it gives a detailed micro-
scopic description of the systems.

What we can learn from the simulations is first, where the
contributions to the structure factors S(q) come from. In agree-
ment with previous studies of pure ILs, the anion–anion
correlations are the most important positive contribution to
the X-ray structure factor.45

The pre-peak maximum of the scattering is dependent on
the mixture composition and varies from about 2.4 nm�1 in
pure C12 to 1.5 nm�1 for the lowest C12 mole fraction when the
pre-peak is still observable, that is xC12

= 0.2. These extreme
values of the scattering factor correspond to correlation lengths
from about 2.6 nm for the pure C12 to 4.2 nm for the diluted
mixture, although in the last case the peak is very broad, and a
proper determination of the maximum is necessarily affected
by a large uncertainty. Nonetheless, the trend is clear from
Fig. 10. By combining this result with the trend of the HOPs
and the visual inspection of the snapshots, we can inter-
pret them to be due to the fact that smaller and smaller
aggregates of alkyl chains, when the mole fraction of C12

decreases, are more and more dispersed within the ‘‘solvent’’
represented by the anions and charged imidazolium heads. In
contrast, by increasing the C12 content, the larger hydrophobic
domains of alkyl chains have a secondary effect of reinforcing
and increasing the structure of the polar domains. This is
similar to that observed in the hydrophobic effect when water
molecules belonging to the solvation shell of an apolar mole-
cule establish a stronger network of hydrogen bonds compared
to bulk water.

On the other hand, the complexity of the structure is not
reflected in the dynamic behaviour. Diffusion coefficients fol-
low a simple viscosity dependence on the mixture composition
and the growing network of polar domains and alkyl chain

aggregates does not seem to impact the diffusion of cations and
anions except for the increased viscosity of the mixture.

Although this result might not appear too surprising, it is
worth recalling here that the diffusion of a non-ionic probe
like Xe in ionic liquids has been recently found to strongly
depend on the nano-structuring of polar and hydrophobic
domains.21,46 For example, for Xe dissolved in [CnC1im]Cl and
[CnC1im][PF6], both 129Xe NMR experiments and MD simula-
tions revealed that D(Xe) was increasing with increasing chain
length, while D(ions) and IL viscosity are actually decreasing.46

In other words, the diffusion of Xe was faster in the more
viscous systems, which is more evident for the chloride salts
and less pronounced, though still present, for the hexafluor-
ophosphate systems. On the other hand, a ‘‘normal’’ trend with
respect to the viscosity was found, again both from NMR
experiments and MD simulations, for Xe dissolved in pure
[CnC1im][Tf2N].21 The above results highlight the importance
of a close and detailed analysis of diffusion data in these
complex ionic systems.
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