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One of the outstanding features of ionic liquids is their inherently hierarchical structural organization
at mesoscopic spatial scales. Recently experimental and computational studies showed the fading
of this feature when pressurising. Here we use simulations to show that this effect is not general:
appropriate anion choice leads to an obstinate resistance against pressurization. Published by AIP
Publishing. https://doi.org/10.1063/1.5036588

Room Temperature Ionic Liquids (RTILs) are ionic com-
pounds with a melting point below ambient temperature. They
are characterised by a range of appealing properties including
a large liquid state window, enhanced thermal and electro-
chemical stability, and a wide tunability of chemo-physical
properties upon little changes in their chemical architecture.1–5

Their mesoscopic order is under constant exploration, after
simulations and experimental studies highlighted the exis-
tence of a highly hierarchical morphology over a spatial
scale encompassing from Angstrom up to several nm’s. As
a matter of fact, their structure that was originally consid-
ered to be characterised by an onion-like alternation of oppo-
site sign ions (similarly to the organisation in conventional
high temperature molten salt, e.g., NaCl) has been discov-
ered to show an enhanced level of organization, stemming
from the alternation not only of charged and uncharged moi-
eties, but also of polar and apolar domains.6–21 These alter-
nations are now known to be fingerprinted by well-defined
X-ray and/or neutron scattering13,21–24 features in the low
momentum transfer (Q) range. The interest toward this fea-
ture is witnessed by the wealth of studies addressing its nature
and dependence upon chemical nature of the ions,25–30 tem-
perature,13,15,31 mixture composition,32–41 and, only recently,
pressure.42–45

High pressure studies are an important tool to explore
the details of microscopic and mesoscopic correlations in
complex materials. Pressure changes allow investigating inter-
molecular interactions, by inducing density changes without
introducing the chaotic perturbation that temperature changes
induce. As a matter of fact, while temperature dependence
studies of morphology in RTILs have been reported in the
past,13,15,31 the pressure dependence of the mesoscopic orga-
nization in aprotic RTILs has been explored by means of
experimental X-ray studies42–44 and simulations45–50 only in
the last couple of years. Confirming a trend that has been
progressing in the field of RTILs over the last decades, the
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synergic use of scattering (as well as other spectroscopic)
experiments and Molecular Dynamics (MD) simulations has
provided a great deal of understanding on the nature of meso-
scopic organization in RTILs under pressure. The first exper-
imental study by Yoshimura et al. reported the Small Angle
X-ray Scattering (SAXS) patterns from a series of 1-alkyl,3-
methylimidazolium tetrafluoroborate (hereinafter indicated as
[Cnmim][BF4]) at ambient temperature and pressure as high
as 3.9 GPa.42 Therein the progressive position shift and ampli-
tude vanishing of the low Q peak centred at ca. 3 nm−1 had been
observed. Such a behavior has been rationalised by some of us
by means of MD simulations45 that accounted in an essentially
quantitative way for the peak shift and fading upon pressure
increase: the proposed mechanism for such a phenomenology
is related to the progressive curling of the side alkyl chain
from a quite stretched conformation at ambient conditions to a
kinked one when pressure increases. Such a profound deforma-
tion of the alkyl side chain arrangement leads to the progressive
dissolving of the polar-apolar alternation that is fingerprinted
by the low Q peak. While the polar, charged part of the sys-
tem is barely affected by pressure, the apolar moieties are
strongly deformed by the application of pressure. Following
this report, a related simulation study described the evolu-
tion of mesoscopic order in 1-alkyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) amide ([pyrr1x][Tf2N], with x = 8
and 10) with pressure and similar results have been observed,
with the low Q peak related to polar-apolar alternation dis-
appearing upon the application of pressure.46 The overall
description of the effect of pressure on mesoscopic order
in RTILs seems then to be quite clear and straightforward.
Recently, however, some new studies appeared that prompt for
further investigation. Following the mentioned papers, Dhun-
gana and Margulis described the role of pressure on affecting
the mesoscopic order in imidazolium-based RTILs with alkyl
or ether side-chains.48 The latter kind of RTILs is well known
to be characterised by X-ray diffraction patterns that do not
show a low Q peak14,15,51–54 due to the enhanced polarity of
ether-containing side chains that lead to a vanishing polar-
apolar alternation. In the mentioned study, the authors found
that an increase in pressure from 0.1 MPa to 1.2 GPa leads to a
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substantial decrease of the low Q peak amplitude in 1-decyl,3-
methylimidazolium bis(trifluoromethylsulfonyl)amide (here-
inafter indicated as [C10mim][Tf2N]). They rationalised this
observation in terms of a deformation of the side alkyl chain
conformation similar to what was observed in Ref. 45, observ-
ing that while at ambient conditions the chains point radially
toward the centre of the apolar domains, in the high pres-
sure regime, tails curl, tending to lay flat or parallel to the
interface between neutral and charged domains. Recently how-
ever Yoshimura and co-workers reported a joint high pres-
sure Raman and SAXS study of [Cnmim][Tf2N] with 3 ≤
n ≤ 10, where they showed that, at odd with the case of
[Cnmim][BF4] (where the low Q peak vanishes with pres-
sure), [Cnmim][Tf2N] RTILs are characterised by an essen-
tially not vanishing low Q peak up to the upper pressure
that they explored, i.e., 2.5 GPa.44 This finding has to be
related to another experimental study by Pilar and co-workers,
who investigated the effect of pressure on the mesoscopic
organization in a series of N-alkyl-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide RTILs ([pyrr1x][Tf2N],
with x = 3, 6, and 9), as well as their mixtures with LiTf2N.43

They show SAXS data on [pyrr19][Tf2N], where the low Q
peak maintains an appreciable amplitude even up to 8.7 GPa.
This experimental observation is at odd with MD simulations
on related RTILs by Sharma et al.46 The puzzling resilience of
mesoscopic structure in [Tf2N]-based RTILs toward pressure
application prompted us to explore this behavior in more detail.
Accordingly we developed a series of molecular dynamics
simulations of [C8mim][Tf2N] at 303 K and different values of
pressure, ranging between ambient and 2.5 GPa. While com-
putational details are provided in the supplementary material,
herein we mention that we used cubic simulation boxes with
large enough sides to allow for an accurate determination of
the mesoscopically segregated nature of the morphology in
this compound. Moreover, especially at the highest pressures
that were investigated, special care was taken in verifying that
the system reached equilibrium without appreciable changes
in structure when prolonging the simulation (see Fig. S1 of
the supplementary material). We also stress that we used the
force field developed by Köddermann et al.55 to account for
interactions. Such a choice is different from the one made in
previous related studies46,48 and is justified by the excellent
agreement of computed density, viscosity, and self-diffusion
coefficient that this parametrization provides.55 The present
MD simulation of [C8mim][Tf2N] at ambient conditions ade-
quately accounts for the X-ray diffraction pattern that some of

FIG. 1. Pressure dependence (from ambient to 2.5 GPa) of the computed
X-ray diffraction pattern for [C8mim][Tf2N] at 303 K. In the inset, the exper-
imental SAXS data sets published by Yoshimura et al.44 on the same RTIL
at 298 K as a function of pressure are shown. [Reproduced with permission
from Yoshimura et al., Phys. Chem. Chem. Phys. 20, 199 (2018). Copyright
2018 PCCP Owner Societies.]

us published in the past56 (see Fig. S2 of the supplementary
material), in agreement with more recent results from other
groups.57

Figure 1 shows then the pressure dependence (from ambi-
ent pressure to 2.5 GPa) of a portion (Q < 20 nm−1) of the
computed X-ray diffraction pattern; in the inset, the published
data by Yoshimura et al. for the same RTIL are shown [note that
these data sets cover a more limited Q range (Q < 5 nm−1)].44

The computed patterns show three diffraction features centred
at approximately Q1 = 3.5, Q2 = 8, and Q3 = 13 nm−1: they
have been related to polarity, charge, and adjacency alterna-
tions, respectively.17–19 It is noteworthy that, similarly to the
experimental data, the peak centred at Q1 slightly decreases
its amplitude when passing from ambient to 0.68 GPa but
then maintains essentially unaltered upon further pressuriza-
tion (we also stress the fact that experimental patterns do not
show indication of the appearing of Bragg peaks that might
indicate an amorphous-crystalline phase transition over the
probed pressure range). Our simulated data are also qualita-
tively consistent with the recently reported X-ray scattering
data on amorphous [C2mim][Tf2N] at ambient pressure and
3.4 GPa at room temperature, considering that the latter RTIL
bears a short ethyl chain that leads to no peak at Q1.58 The
trend shown in figure then provides indication of a strong
resistance of the mesoscopic organization in [C8mim][Tf2N]
against external pressure, in agreement with the observation
made by Yoshimura et al.,44 at odd with the behavior shown
by [C8mim][BF4]. The peak centred at Q1 also shows a very
limited shift in position upon pressurization, in agreement

FIG. 2. Pressure dependence [ambient
condition (left) and 2.5 GPa (right)] of
the computed X-ray diffraction pattern
for [C8mim][Tf2N] at 303 K (black) and
its decomposition into polar-polar (red),
apolar-apolar (blue), and polar-apolar
(green) components.
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with experimental results.44 A decomposition of the computed
diffraction patterns at ambient pressure and at 2.5 GPa in terms
of the polar-polar, apolar-apolar, and polar-apolar contribu-
tions (see Fig. 2), as proposed originally by Margulis et al.,17–19

indicates that even up to pressures of the order of 2.5 GPa,
the characteristic polar-apolar alternation that characterises
the RTILs’ morphology at ambient conditions is maintained
essentially unaffected: the observed low Q peak centred at
Q1 fingerprints the existence of alternating polar and polar
domains and this structural organization at mesoscopic scales
is hardly affected by pressures as high as 2.5 GPa. In Fig. S4
of the supplementary material, we show the pressure depen-
dence of polar/apolar contributions to the computed X-ray
and neutron scattering patterns for both [C8mim][Tf2N] and
[C8mim][BF4], highlighting the substantially different high
pressure response of these two RTILs. Furthermore we note
that a distinct pressure dependence of peaks Q2 (mildly shift-
ing to high Q) and Q3 (strongly shifting to high Q) can be
observed. While no experimental information exists on such a
trend for [C8mim][Tf2N], Pilar et al.’s paper on [pyrr19][Tf2N]
shows a similar behavior for both peaks at Q2 and Q3 that shift
toward higher Q values, upon pressurization.43

Figure 3 shows the pressure dependence of the intramolec-
ular distance distribution function (ddf) between the ring nitro-
gen atom bearing the octyl chain and the terminal carbon
of the octyl chain. A decrease of the amplitude of the large
distance peaks can be observed, witnessing a progressive curl-
ing of the octyl chain; however, the change is not as large
as the one observed by us for the case of [C8mim][BF4]. In
the supplementary material, we report a comparison between
these ddf’s for [C8mim][Tf2N] and [C8mim][BF4], at ambient
pressure and 1 GPa (Fig. S5 of the supplementary material).
It appears that the presence of the [Tf2N] anion confers a
larger resistance toward tail curling upon pressurizing. This
behavior has been further explored using spatial distribution
functions (sdf’s) describing how the anion and the terminal
intramolecular CH3 group distribute around a central reference
cation.

Figure 4 shows such sdf’s for [C8mim][BF4]45 and
[C8mim][Tf2N] at ambient pressure and at 1 GPa.

The [BF4] anion coordination around the imidazolium
ring is not influenced by the increasing pressure, and it is organ-
ised in such a way that, upon pressurization, the curled side

FIG. 3. Distance distribution function (ddf) for the ring nitrogen atom bearing
the octyl chain and the terminal carbon of the octyl chain, as extracted from
MD simulations of [C8mim][Tf2N] at 303 K at different pressures, between
ambient and 2.5 GPa.

FIG. 4. Spatial distribution functions describing the distribution of the [BF4]
anion (green), [Tf2N] anion (red), and terminal methyl group (magenta) from
molecular dynamics simulations of [C8mim][BF4] (data taken from Ref. 45)
[panels (a) and (b)] and [C8mim][Tf2N] [panels (c) and d)], at ambient pres-
sure [panels (a) and (c)] and 1 GPa [panels (b) and (d)]. Isovalues are taken at
30% of their maximum value. The magenta spot close to the imidazolium ring
in [C8mim][BF4] at high pressure (panel b) fingerprints the octyl chain curl-
ing upon pressurization and has no counterpart in the case of [C8mim][Tf2N]
(panel d). [Adapted with permission from Russina et al., Phys. Chem. Chem.
Phys. 17, 29496 (2015). Copyright 2015 PCCP Owner Societies.]

chain has accessible space to locate below and above the imi-
dazolium ring (as witnessed by the magenta lobes developing
therein only at high pressure [Fig. 4(b)]; on the other hand,
the [Tf2N] anion distribution around the cation hinders the
access of the side chain to those locations and, at odd with the
[C8mim][BF4] case, no magenta lobes develop at high pressure
[see Fig. 4(d)]. Such a behavior is consistent with the crystal
structures of related compounds such as [C2mim][BF4]59 and
[C2mim][Tf2N]:60 selected snapshots extracted from the crys-
tal structures published therein are reported in Fig. S6 of the
supplementary material. There one can appreciate that in their
crystal states, [BF4] anions tend to occupy bridging positions
between two stacked imidazolium rings: accordingly, upon
pressure application, the interlayer between two rings is empty
and the octyl chains can easily occupy that space, once fold-
ing, leading to the trend depicted in Figs. 4(a) and 4(b). On the
other hand, [Tf2N] anions tend to occupy the space between
two stacked imidazolium rings: in order for the octyl chains to
occupy to those locations, they must first shift the anions that
are located therein. Such a situation then strongly disfavours
the curling of the octyl tails. Recent MD simulations conducted
on [Cnmim][X], with [X] being different anions, showed that
also in the liquid state, the [Tf2N] anion, due to its bulkiness,
tends to lay above and below the imidazolium ring, while the
[BF4] anion prefers being localised equatorially with respect
to the imidazolium ring, in the neighbourhood of the hydrogen
atoms.61,62 These computational observations agree with the
mechanism that we are presently indicating to rationalise the
experimental evidence.

At the present stage, we propose that the different exper-
imental behavior observed for the pressure response of the
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mesoscopic organization in RTILs bearing either [BF4] or
[Tf2N] anions might be related to the different stable location
for the anions with respect to the local packing of neighbour
cations. The presence of sandwiched [Tf2N] anions between
neighbour imidazolium rings leads to a strong hindrance for the
side chains to curl and consequently dissolve the polar-apolar
alternation at high pressure; on the other hand, the preferred
location of [BF4] anions favours the mentioned curling and the
consequent change in structural organization. Once again, we
believe that RTILs show a wealth of complex behaviors that
confirm the term designer solvent4,5 used for these compounds
to indicate the large opportunities to fine tune their behavior
upon small chemical changes.

See supplementary material for further computational
details and additional figures.

This work has been supported by the University of Rome
Sapienza Project: “Microscopic and mesoscopic organization
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We wish to dedicate this contribution to the memory of
the late Professor K. R. Seddon.
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