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Molecular dynamics (MD) simulations have been performed in order to investigate the properties of
[C,mim™|[T,NT] (n=4,8,12) ionic liquids (ILs) in a wide temperature range (298.15—-498.15K) and at
atmospheric pressure (1 bar). A previously developed methodology for the calculation of the charge distribution
that incorporates ab initio quantum mechanical calculations based on density functional theory (DFT) was used
to calculate the partial charges for the classical molecular simulations. The wide range of time scales that
characterize the segmental dynamics of these ILs, especially at low temperatures, required very long MD
simulations, on the order of several tens of nanoseconds, to calculate the thermodynamic (density, thermal
expansion, isothermal compressibility), structural (radial distribution functions between the centers of mass of
ions and between individual sites, radial-angular distribution functions) and dynamic (relaxation times of the
reorientation of the bonds and the torsion angles, self-diffusion coefficients, shear viscosity) properties. The
influence of the temperature and the cation’s alkyl chain length on the above-mentioned properties was
thoroughly investigated. The calculated thermodynamic (primary and derivative) and structural properties are in
good agreement with the experimental data, while the extremely sluggish dynamics of the ILs under study renders
the calculation of their transport properties a very complicated and challenging task, especially at low

temperatures.

Keywords: ionic liquids; imidazolium; molecular simulation; physical properties

1. Introduction

Tonic liquids (ILs) refer to salts that are in the liquid
phase at room temperature and, by convention, below
100°C [1,2]. They usually consist of a wide range of
anions (halides, inorganic or large organic anions) and
multi-atomic and asymmetric organic cations, thereby
leading to lower melting temperatures than ordinary
salts. In recent years, ILs have attracted increasing
interest for extended study aiming at their potential use
in a broad range of applications due to their unique
combination of a number of properties. One of their
most important attributes is their negligible vapor
pressure, which results in minimal vapor emissions that
makes them odorless, non-flammable and, therefore,
excellent candidates for use in ‘green chemistry’ as
environmentally friendly materials. Other notable
properties that have been reported are their ability to
dissolve a number of organic and inorganic substances,
the high thermal and electrochemical stability, the wide

temperature range at which they are in the liquid
phase, as well as good lubricant properties. The
combination of these properties makes them suitable
for a number of industrial applications, for instance as
solvents and catalysts in chemical synthesis, as lubri-
cants in tribology applications, as electrolytes in
electrochemistry and in gas storage and separation
applications [2-8].

The very large number of anions and cations that
can be combined leads to a plethora of ILs that can be
synthesized. The chemical diversity in the molecular
structure of the ions involved affects directly the
physicochemical properties of the ILs, thus enabling
the tuning [3,9—12] of the properties of an IL by
making moderate changes to the ions’ chemical
formula and structure. A large number of experimental
investigations [9,10,13—41] have been conducted in
order to measure a wide range of IL properties
(volumetric, thermal, transport, etc.), while molecular
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simulation [42-53] has been widely used to study the
underlying molecular mechanisms that govern the
macroscopic properties of these physical systems by
giving insight into the microscopic behavior that
controls the experimentally observed phenomena.
The vast majority of the molecular simulation studies
have used all-atom force fields incorporating ab initio
parameterization of single ions in the gas phase.
Coarse-grained models have also been used to accel-
erate calculations and to access longer length- and
time-scales for the study of IL systems [54,55], whereas
lately the role of polarizability has been under inves-
tigation [53,56,57].

In the present work, ILs from the bis(trifluoro-
methylsulfonyl) imide ([Tf,N7]) family with n-alkyl
methyl imidazolium-based cations ([C,mim*]) are
studied. These ILs have received significant attention
both experimentally and computationally using molec-
ular simulation due to the fact that [Tf,N"] has been
selected by the International Union of Pure and
Applied Chemistry (IUPAC) as a benchmark anion
in ILs for extensive investigation. More specifically, the
[C,mimT|[TfLNT] (n=4,8,12) ILs are examined in a
wide range of temperatures by means of molecular
dynamics (MD) simulation. This type of cation con-
sists of an imidazolium ring and, in our case, one alkyl
chain with n carbon atoms. This work focuses on
elucidating the influence of the alkyl chain length on
the IL thermodynamic, structural and transport prop-
erties. Moreover, the temperature effect on the prop-
erties under study is thoroughly investigated in order
to examine the behavior of each IL under high
temperature conditions where no experimental data
exist.

The structure of the paper is as follows. Section 2
reports the simulation details and the force field used.
In Section 3 the results are presented for the thermo-
dynamic (density, thermal expansion, isothermal com-
pressibility), structural (radial distribution functions
between the centers of mass of ions and radial
distribution functions between different sites of the
ions, radial-angular distribution functions, end-to-end
distance distributions), segmental dynamic and
transport (self-diffusion coefficients, shear viscosity)
properties of the three ILs, [Cymim™][Tf,N7],
[CsmimT)[THNT]  and  [Cpomim™][Tf,NT],  under
study. Conclusions are given in Section 4.

2. Methodology
2.1. Simulation details

Long MD simulations were performed in different
thermodynamic ensembles at temperatures ranging

from 298.15 to 498.15K in 50K increments and 1
bar pressure using NAMD [58]. Each system consisted
of 100 [C,mim™][Tf,N"] (n=4,8, 12) ion pairs which
were initially placed in a simulation box according to a
target density. The value of the initial density used for
each system was extracted from the experimental data,
either directly when available, as for the case of
[Cymim*|[THLNT] and [CsmimT][TfNT] at 298.15K
[10,13], or indirectly by interpolating and/or extrapo-
lating the available data at various temperatures. For
the case of [C>mim™*][TfoN"] where no experimental
data were found in the literature, a different approach
was followed: first, all the experimental data for
smaller alkyl chain lengths [9,10,13,17-39] were gath-
ered and for each alkyl chain length the values of the
density at all temperatures under study were deter-
mined by extrapolating or interpolating the available
experimental data. Then, for each specific temperature
under consideration the target density for
[ComimT][Tf,N"] was calculated by extrapolating
the existing data for smaller alkyl chain lengths. The
initial structures were built using the Rotational
Isomeric State (RIS) model [59] as modified by
Theodorou and Suter [60,61] available in MAPS [62].
Then, a 10° steps conjugate gradient energy minimiza-
tion procedure was applied to eliminate the atomic
overlaps and a 5ns simulation in the canonical
ensemble (NVT) was conducted in order to equilibrate
the system. Subsequently, simulations in the isobaric—
isothermal ensemble (NPT) on the order of 25-60 ns,
depending on the system, were carried out to fur-
ther equilibrate the system and the thermodynamic
properties relevant to this ensemble were calculated
using the last 15-30ns of the NPT runs, having first
adequately equilibrated the system. Next, a 10-20ns
NVT simulation was carried out in order to calculate
the dynamic and structural properties of the system.
Snapshots were stored every 1 ps during each simula-
tion. A Langevin piston method was used for the
temperature control with a Sps™' damping factor,
while the Nosé—Hoover barostat was used for the
pressure control with oscillation period equal to
200 fs and damping factor 100 fs. Electrostatics were
handled by means of the particle-mesh Ewald
method while the reversible reference system propaga-
tor algorithm (rRESPA) [63,64] was used as a multiple
time step algorithm with a 1fs reference time step in
order to speed up the MD simulations. Short-range
non-bonded van der Waals interactions were
calculated every 2fs, while full electrostatic interac-
tions were computed every 4fs. A cutoff distance of
12A was used to truncate the van der Waals
interactions.
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2.2. Force field

The all-atom force field used to model the potential
energy of the ILs under investigation is based on the
following expression:

U= kylb—boY* + Y ko(6 — )’

bonds angles
4
+ > > kyll 4 cos(ny — 8)]
dihedrals n=1
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where b, 0, x and ¥ denote bond length, bond angle,
dihedral angle and improper angle, respectively, and
the subscript ‘0’ refers to the equilibrium values.
Parameter 7 in the expression for the dihedral potential
is the multiplicity of the dihedral angle while § is the
phase shift of the dihedral potential over the full range
of rotation. Partial charges are denoted by ¢;, while &
is the vacuum permittivity and ¢ and o the Lennard—
Jones parameters. Bonded and Lennard—Jones param-
eters were obtained from Cadena and Maginn [65] and
from Cadena et al. [66] for the cations and Canongia
Lopes and Padua [67] for the anion. The partial
charges were derived from quantum calculations per-
formed on an isolated [C,mim™|[THN"] (n=4,8,12)
ion pair using a Density Functional Theory (DFT)
methodology [43] according to which the atomic
charges were calculated by taking into account the
relative position and orientation of the anion with
respect to the cation. For that, six minimum energy
configurations of the ionic pair were used and the
atomic charges at the different ionic pair conforma-
tions were calculated by electrostatic surface potential
fits. Subsequently, the mean value of each atomic
charge from the six different distributions was calcu-
lated and assigned to the atoms. A Boltzmann
weighted scheme based on the energy of each minimum
energy configuration was also investigated for the
calculation of the partial charges with no apparent
influence on the systems’ thermodynamic and struc-
tural properties and was, therefore, not used subse-
quently. An additional modification to the charges of
the anion’s atoms was applied in order to preserve the
symmetry of the anion by assigning to each group of
symmetric atoms the mean value of the charges
estimated by the quantum mechanical calculations.
All force field parameters are provided as supplemen-
tary material.

3. Results and discussion

In this section the results for the thermodynamic,
structural and transport properties as calculated from
the MD simulations are presented. The chemical
structure of the three ILs ions and the labeling of
their atoms are shown in Figure 1.

3.1. Thermodynamic properties

Table 1 presents the MD calculations for the mass
density of the three ILs. Density calculations from the
NPT MD simulations resulted in less than 2% devi-
ation from the available experimental measurements
[10,13,16], which are limited to 288.15-328.20 K for the
cases of [C4mim™|[Tf,N "] and [Cgmim™*][Tf,N~]. For a
given temperature, the density decreases as the length
of the alkyl chain in the cation increases.

Furthermore, MD data were used to calculate the
isobaric thermal expansion coefficient, a,, given by the
expression

. _1<8V) _1<A<V>> _OVH)yer )
"mv\er),” M\ AT ), (NkeT? °

as well as the isothermal compressibility, k7 through
the expression

_ Ly 1 (A
kT__?(a_‘Qf m(AP)f )

Tables 2 and 3 show the estimated values of a, and
k7 for all ILs. They exhibit less than 15% deviation, on
average, from the available experimental data [13] for
[C,mimT][Tf,NT]. No data were available in the
literature for [Cgmim][Tf,N"] and [Comim ™ |[THNT].

3.2. Microscopic structure

The ions’ organization in space was examined by
means of radial distribution functions (RDFSs) between
the ions’ centers-of-mass as well as between specific
atoms in the ions. Further insight into the conforma-
tions of the alkyl chain was generated by the calcula-
tion of the end-to-end distance distribution for the
cation’s alkyl chain. Figure 2 shows the RDFs of the
center-of-mass for anion—anion, cation—cation and
cation—anion interactions for [Cgmim™][TLN"] at
398.15K and 1 bar. The anion—anion RDF exhibits a
first peak at approximately 8A° with a second, less
intense peak appearing at 17A. The cation-anion
RDF has a first maximum at around 5 A and a second
one, less intense at 12.5A, while the cation—catiqn
RDF exhibits one small but broad maximum at 10 A.
Comparison of the three RDFs reveals a stronger
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(2)

(b)

(d)

Figure 1. Ions (a) [Cymim™], (b) [Cgmim™], (¢) [C;>mim™] and (d) [TfN"] and labelling of the atoms.

Table 1. Mass density calculations for the three ILs at
different temperatures and 1 bar. In all cases, the statistical
uncertainty is less than 0.001.

Mass density (gem™?)

[Csmim™] [Cgmim™] [Ci>mim™]
T (K) [THNT] [THLNT] [THNT]
298.15 1.461 1.331 1.250
348.15 1.406 1.278 1.205
398.15 1.354 1.228 1.158
448.15 1.303 1.180 1.113
498.15 1.252 1.131 1.068

cation—anion interaction due to the ions’ opposite
charges, whereas the ions clearly retain their spatial
organization at longer distances compared with ordi-
nary molecular liquids. This behaviour has been
reported for a number of ILs as well as in both
experimental [14,68-70] and simulation studies
[44,65,66,71-74] and is also observed for
[C,mimT][Tf,N7], but becomes less evident in the

Table 2. Thermal expansion coefficient, a, for the three ILs
at different temperatures and 1 bar.

a, (1074/K)
[C4mim™] [Csmim™] [Comim™]

T (K) [THNT] [THNT] [THNT]
298.15 7.4 7.2 7.02,
348.15 8.9 8.48, 8.2
398.15 7.5 8.85 8.5,
448.15 7.9; 8.25 8.9,
498.15 8.1, 9.9 9.2,

case of [C;»mim™*][Tf,N"] for the anion—cation inter-
action, a fact that can be attributed to the existence of
additional neutral parts in the system as the alkyl tail
becomes longer. As shown in Figure 3, a drop in the
value of the first maximum of the cation—anion RDF is
observed while the second and less intense maximum
tends to disappear as the alkyl chain becomes longer.
Additionally, a longer alkyl chain causes greater
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Table 3. Isothermal compressibility, k7 for the three ILs at 3 1 T 1 T T T
different temperatures and 1 bar. — Cmim e ]
- 25 - [Cymim IITENT | 7]
kz (107°/MPa) i [Cymim [TENT| T
[ = = i
[C,mim*] [Cgmim™*] [Cpomim™] . i |
T (K) [TfHNT] [THNT] [THHNT] < sk i )
298.15 4.7 4.54, 4.5, '\ i i
348.15 5.9, 6.33 6.54 1+ i Ny N\ e e
398.15 7.45 7.9; 8.3;3 /i Fegr" _
448.15 9.64 9.9, 10.7, L /i |
498.15 12.3; 14.14 13.65 | / |
e = - ' lIO ' 1Is ' 210
r[A]
Figure 3. Radial distribution function g(r) for the cation—
2 ; l " l : l : I anion centers of mass of [C4mim™][TfN 7], [Cgmim*][TH,N]
== Axiion - Awog | | and [C>mim*][Tf,N"] at 398.15K and 1 bar.
- Cation - Anion
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Figure 2. Radial distribution function g(r) for the anion— 05 .
anion (black), anion—cation (red) and cation—cation (green) |
center of mass of [Cgmim™*][Tf,N"] at 398.15K and 1 bar.
| | i

delocalization of the cation’s center of mass and an
increase in the distance where the maximum value
appears. Raising the temperature does not significantly
affect the RDFs between the ions’ centers of mass,
apart from 298.15 K where some characteristics of the
RDFs are more pronounced.

A more detailed insight into the liquid bulk
structure can be obtained from RDFs between specific
sites of the ions. Figure 4 shows the RDFs between the
terminal carbon atoms of the alkyl chain for each IL at
398.15K and 1 bar. For all ILs there is a first peak at
approximately 4.5A and a second one that starts to
appear at around 8.5A as the alkyl chain becomes
longer. The temperature increase resulted in a clear
drop in the value of the first maximum while the
second was less affected. Interestingly, the intensity of
the first peak increases as the alkyl chain becomes
longer, although it always appears at almost the same
distance. This indicates that the almost neutrally
charged and non-polar alkyl chains tend to aggregate

r[A]

Figure 4. Radial distribution function g(r) between the
terminal carbon atoms in the cation’s alkyl chain of
[Csmim T[THN ], [CsmimT[TE,N"] and [Comim T[Tf,N ]
at 398.15K and 1 bar.

and form domains while the charged groups of the
cations and the anions create a charged network by
retaining their structures up to long distances, a trend
that has been reported in previous studies
[42,43,49-52]. A possible mechanism that explains
this behaviour has been suggested by Wang et al. [52]
and is based on the existence of competitive electro-
static and van der Waals interactions in the ILs that
dominate different parts of the ILs. For the charged
parts of the system, i.e. the imidazolium ring and the
anion, the electrostatic interactions dominate their
local behaviour while the short-ranged van der Waals
interactions become significant when these groups
come very close. Electrostatic interactions are
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Figure 5. Radial distribution function g(r) between the C,
carbon in the imidazolium ring and S1, O2 and N4 in the
anion of [C;,mim*][Tf,N] at 398.15K and 1 bar.

long-ranged and strong, so the charged groups retain
their local structures and form continuous charged
domains. On the other hand, in the non-polar regions
of the ILs, i.e. the almost neutral alkyl chain, the short-
ranged van der Waals interactions are dominant, thus
leading to tail aggregation phenomena.

More information on the relative configurations of
the polar groups, i.e. the anions and the imidazolium
rings, can be obtained by the RDFs between specific
atoms in these groups. The RDFs between the carbon
atoms C2 and C4 on the imidazolium and the atoms
S1, O2 and N4 of the anion were calculated. Figure 5
shows the RDFs between the C2 carbon on the
imidazolium ring and S1, O2 and N4 of the anion of
[ComimT][TfN"] at 398.15K and 1 bar. The C2-02
RDF has a first peak at around 2.5 A and a less intense
one at around 5 A. Since O2 is covalently bonded to Sl
with a double bond, the RDF between C2 and S1 is of
similar form to that of the C2-O2 pair with the first
peak appearing at a slightly longer distance (4 A) and
the second one much less intense at approximately
6.5A. The RDF between C2 and N4 indicates that, at
small distances, where O2 or S1 is most likely to be
found close to the C2 carbon atom, N4 can be found
anywhere between 3 and 6 A as the value of the RDF
at these distances is greater than one. Nevertheless, the
two peaks show that there are preferential relative
positions and the first peak at 3 A may be indicative of
a configuration where the N4 nitrogen of the anion
comes close to the C2 carbon atom on the imidazolium
ring, while the second and more intense peak may
correspond to the most probable case where the O2
and S1 atoms are closer to the C2 carbon. The nitrogen
N4, which is covalently bonded to S1, is most likely to

3 . I T T . I T T
=== [C,mim"|[TE,N]
25 - -
25 X - [Cymim I[TEN ]
I\ - [C,ymim " I[TEN]
2 { o\ -
[P
fil M
5 [ 4 o
& / ! W
[
;" ’1 TS
- Iy, i Lo Sz
(i o2 I
;N
i N
s ' il
0.5 :};
i
i
5 g ! ! !
0 5 10 15 20

r[A]

Figure 6. Radial distribution function g(r) between C4 of the
imidazolium ring and N4 of the anion of [C4mim™][Tf,NT],
[Csmim™[T,NT]  and  [Cpomim™|[THNT]  at 398.15K
and 1 bar.

be found at a slightly longer distance. The RDFs
between C4 and the O2, S1, N4 of the anion at all ILs
highlight this preferential conformation between C2
and the above anion atoms. An example of such RDFs
is shown in Figure 6, which shows the RDFs between
the C4 on the imidazolium ring and the N4 of the
anion of [Cymim*][TEHNT], [Cemim™|[Tf,NT] and
[ComimT][TfN"] at 398.15K and 1 bar. For all ILs
there is one peak that appears at approximately 5A
and becomes more intense as the alkyl chain length
increases.

Additional details on the microscopic structure of
ILs can be obtained from the calculation of three-
dimensional radial-angular distribution functions
(RADF). Figure 7 compares the RADFs between the
C2 carbon atom of the imidazolium ring and the N4
nitrogen of the anion for the three ILs. The angle 6 is
the angle formed by the main plain of the imidazolium
ring and the vector that connects the C2 and N4 atoms.
In all cases, the main peaks appear at about 4-5 A and
at symmetrical positions above and below the plain of
the imidazolium ring. A second peak is also observed
at around 7-8 A and at 0° angle for all ILs. Extra
RADFs calculated (not shown here) measuring the
distance between the geometrical center of the imida-
zolium ring and the N4 nitrogen of the anion indicate
that this second peak corresponds to the case where the
N4 nitrogen of the anion lies on the plane of the
imidazolium ring but is situated not close to the C2
carbon atom but on the other side of the imidazolium
ring, that is closer to the C4 and CS5 carbon atoms. For
the case of the longest alkyl chain, ie. the
[ComimT|[Tf,NT] IL, there is also a third peak
appearing at shorter distances, at about 3 A, whereas
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Figure 7. Radial angular distribution functions (RADF) for (a) [Cymim™][TLNT], (b) [Cgmim™][TENT] and
(c) [C1omim™*][Tf,N] at 298.15K with r being the distance between the C2 carbon atom of the imidazolium ring and the N4
nitrogen atom of the anion and 6 is the angle formed by the main plain of the imidazolium ring and the vector r.
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Figure 8. Alkyl chain end-to-end distance distribution of
[CsmimT][THNT], [Csmim™[Tf-NT] and [CpomimT][THN7]
at 398.15K and 1 bar.

it spans over almost the whole range of the angles. This
is consistent with the results obtained from the RDFs
between the terminal carbon atoms in the alkyl chain,
where the longest alkyl chain had the most intense
peak in the RDF (Figure 4). These two findings clearly
suggest that, as the alkyl chain becomes longer, not
only do the alkyl tail groups come closer, but also the
anion approaches the imidazolium ring and, more
precisely, the C2 carbon atom. Generally, a tempera-
ture increase resulted in a slight decrease in the
maximum values of all atom-atom RDFs and
RADFs studied with no particular change to the
overall spatial organization of the ions.

Insight into the cation’s alkyl chain conformations
can be obtained from the calculation of the distribu-
tion of the end-to-end distance for all ILs. The end-to-
end distance, R., was chosen to be calculated as the
distance between the geometrical center of the imida-
zolium ring and the terminal carbon atom of the alkyl
chain of each IL. Figure 8 shows the distribution of the
end-to-end distance for each IL at 398.15K and 1 bar.
The end-to-end distance distribution is a right-shifted
normal distribution for each IL, with the variance
around the mean value becoming higher as the alkyl
chain becomes longer, indicating that a longer alkyl
chain is more flexible. A temperature increase system-
atically decreases the mean value of the end-to-end
distance and increases the variance around the mean
value. These data were fit to the expression

(RZ) o N*, 4)

where N is the number of carbon atoms of the alkyl
chain and v was found equal to 0.74, 0.76 and 0.8 for
T=298.15, 398.15 and 498.15 K, respectively, being in
very good agreement with simulation calculations on
low-molecular-weight alkanes [75,76].

3.3. Local dynamics

The local dynamics of each of the systems was
examined through the decorrelation of the orientation
of various vectors defined by atoms on the ions
as well as through torsion angle decorrelation.
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The reorientation of vectors is quantified by a second-
order autocorrelation function of the form

P5(t) = % {3{lucn(®) - ucu(0)1?) — 1}, (5)

where ucy(#) is the unit vector along the vector under
study at time 7. The calculated data indicate that there
is a large deviation in the decorrelation rate of different
vectors defined by atoms of the cation and the anion.
In all IL systems studied, the vectors defined by atoms
close to the imidazolium ring, such as N1-N3 and
N1-C6, were found to decorrelate much slower than
vectors defined by atoms at the end of the cation’s
alkyl chain due to the greater flexibility of the alkyl
chain compared with the bonds attached to the
imidazolium ring. In the anion, the bond that connects
atoms C42 and S2 also decorrelates much faster than
the vector defined by atoms S1 and S2, as can be seen
from the different rates with which their P»(¢) function
decays to zero (not shown here). This behaviour is
observed in all three ILs under study. Temperature has
a strong influence on the rates of decorrelation of all
vectors. As the temperature increases there is a
significant raise in the decorrelation rate of all vectors
defined on the ions, even for the stiffest ones such as
that defined by the N1 and N3 atoms of the
imidazolium ring.

These observations can be quantified by calculating
the mean decorrelation time tc of each vector under
study, defined by integrating the P,(¢) function, which
can be described accurately by the modified

Kohlrausch—Williams—Watts (mKWW) function [77]:

B
Poxww(t) =aexp |:— (r_to>:| + (I —a)exp |:— (ﬁ(ivw> i| .

(6)

The mKWW function consists of two terms. The
first describes a fast exponential decay with amplitude
a associated with small perturbations of torsion angles
around skeletal bonds and with the bond and bond-
angle bending vibrations of skeletal and pendent bonds
around their equilibrium values, and characteristic
time 7. The second term is a slower stretching
exponential decay (KWW) associated with cooperative
conformational transitions in the ions, with Tgww
being the characteristic correlation time and B the
stretching exponent. By fitting the MD data for P»(7)
to the P,xww(?) function, one can calculate the mean
decorrelation time t¢ through the expression:

c = / Pz(l)dl = f Pmwa(l)dl =T
0 0

1 /1
+ 0= 1 (5) ™

The calculated time 7 for various vectors in the
ILs at each temperature are reported in Table 4. It is
also quantitatively evident that vectors defined by
atoms near the imidazolium ring are much stiffer than
others defined by atoms at the end of the alkyl chain.
This behavior is observed at all temperatures, but it is
more intense at the two lower temperatures, 298.15 and

Table 4. Mean decorrelation time, t¢, for various bond vectors defined on [Cymim*][TfN"],
[Cgmim™[Tf,N7] and [Comim™*|[Tf,N], as calculated from the mKWW fit to the P,(f) data.

7c (ns)
Bond vector 298.15K 348.15K 398.15K 448.15K 498.15K
[CymimT][THLN]
NI-N3 127.2 6.44 1.61 0.69 0.38
N3-C7 481.2 5.72 1.42 0.62 0.34
C9-Cl10 10.25 0.55 0.17 0.062 0.035
S1-S2 40.25 4.32 1.08 0.44 0.27
[CsmimT][TfHLN ]
NI-N3 984.2 9.07 2.09 0.82 0.50
N3-C7 86.74 6.67 2.01 0.78 0.47
C13-Cl14 4.23 0.68 0.18 0.071 0.040
S1-S2 15.43 2.92 0.78 0.35 0.20
[C>mim ™ ][TfNT]
NI1-N3 304770 38.58 4.79 1.55 0.80
N3-C7 247.4 15.87 4.61 1.49 0.75
C17-C18 11.11 1.81 0.29 0.091 0.044
S1-S2 61.99 6.89 1.85 0.70 0.35
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348.15 K. In Figure 9 the t¢ for various vectors defined
by atoms on [C;omim™|[TfN7] are presented on a
logarithmic scale versus the inverse of the temperature.
Figure 9 clearly demonstrates the wide range of
relaxation times that characterize the segmental
dynamics of these ILs, especially at the lowest
temperature.

Additionally, the torsional dynamics can be studied
using the torsion autocorrelation function, defined as

oty = (2D 0SGO) — [eosO)) o
(cos((0)) cos((0))) — (cos(y(0))

where ¢(7) is the value of the torsion angle at time 7. As
expected from the analysis for the reorientation of the
various vectors, torsions defined near the end of the
cation’s alkyl chain decorrelate much faster than those
defined near the imidazolium ring. The P,(¢) data can
also be represented by the mKWW function and the
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Figure 9. Relaxation times of vectors between atoms of the
[C1omim*][Tf,N7] IL, plotted on a logarithmic scale, as a
function of the inverse temperature.

mean correlation time tc for the torsional motion can
also be calculated from Equation (7). Table 5 reports
the mean decorrelation times for torsions close to the
imidazolium ring and at the end of the alkyl chain for
the ILs. As expected, the mean decorrelation times
reported for the torsion defined near the imidazolium
ring are longer than those for the torsion defined by the
terminal atoms of the alkyl chain. As the alkyl chain
becomes longer the 7 of the stiffest torsion, which is
closer to the imidazolium ring, increases, in contrast to
the last torsion of the alkyl tail that relaxes faster as the
alkyl tail becomes longer. This is also obvious from the
P,(t) data shown in Figure 10. Temperature plays an
important role in the torsion decorrelation rate: the
higher the temperature the faster the torsional decorr-
elation rate, and therefore the mean decorrelation
times decrease, as can be seen in Table 5. The time-
scale separation that governs the overall segmental
dynamics of these ILs at low temperatures has been
observed for ILs both in experimental and simulation
studies and resembles the complex dynamical behav-
iour of polymeric systems [77-79].

3.4. Self-diffusion coefficients

ILs have much more complex dynamics than conven-
tional fluids due to the different timescales that are
involved in the local dynamics, as shown in the
previous section. The self-diffusivity of the ions can
be calculated by the Einstein relation:

1 . d 2
D = lim —(Ir(0) = r ()1 ©)
where r(7) is the position of the ith ion’s center of mass
at time ¢ and the brackets denote the mean-square
displacement (MSD) over the ions’ centers of mass.
Equation (9) is valid only when the diffusivity is in the

Table 5. Mean decorrelation time, t¢, for various torsion angles defined on [Cymim™*][Tf,N ],
[CsmimT][TfN"] and [Comim™|[Tf,N ], as calculated from the mKWW fit to the P,(1) data.

TC (HS)
Torsion angle 298.15K 348.15K 398.15K 448.15K 498.15K
[Comim ™ J[THNT]
N3-C7-C8-C9 2.16 0.53 0.17 0.079 0.051
C7-C8-C9-C10 2.39 0.32 0.12 0.067 0.043
[Cymim ™ J[TH-NT]
N3-C7-C8-C9 17.68 1.08 0.37 0.18 0.11
Cl11-C12-C13-C14 0.99 0.26 0.12 0.074 0.073
[Clzmier][szNf]
N3-C7-C8-C9 26.05 3.21 0.72 0.36 0.16
C15-C16-C17-C18 1.54 0.26 0.13 0.063 0.041
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Figure 10. The P,(¢) function for the decorrelation of the
torsion defined by the atoms N3-C7-C8-C9 of
[C4mim™[THNT], [Csmim¥][THNT] and [Comim ™[ THNT]
at 298.15K and 1 bar.

Fickian regime, which can be identified by the slope
being equal to unity in a log(MSD) versus log(¢) plot.
ILs have been found to have very sluggish dynamics
compared with conventional fluids, especially at low
temperatures where the Fickian regime is difficult to
reach. At short times where ballistic motion is
observed, the slope is greater than unity, while at
intermediate times ILs exhibit glass-like behavior and
the slope in that regime is less than one.

The calculated diffusivities for the three ILs,
[C4mim T[THN], [Csmim T[THN ] and
[ComimT][Tf,N"], are shown in Figures 11(a), (b)
and (c), respectively, as a function of temperature.
Additionally, the experimental measurements [16] for
both [Cymim™][Tf,NT] and [Cgmim™|[Tf,NT] in the
temperature range 263-353K are also shown. The
cation self-diffusion coefficients are larger than those
of the anion for [Cymim*][TE,N]  and
[Csmim*][Tf,N"] at all temperatures, a fact that has
already been reported for most imidazolium-based
ILs both from experiment [40,41] and simulation
[1,44,80-83]. The increase of the alkyl chain length
leads to reduced cation mobility and to smaller
differences in the self-diffusivities of the anion and
the cation so that, in the case of [C,mim][Tf,N 7], the
two ions have comparable self-diffusion coefficients.
The self-diffusion coefficients calculated from MD
were underestimated compared with the experimental
values [16] for [C4mim ™ |[Tf,N "] and [Cgmim ][ Tf,N 7]
at low temperatures, a problem that is generally
reported in most molecular simulation studies
[1,66,82,84]. No experimental data were available for
higher temperatures for these two ILs and for
[ComimT][Tf,NT] at all temperatures. Admittedly,
there is a discrepancy between the results presented
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Figure 11. Self-diffusion coefficients of (a)

[CymimT[THNT], (b)) [Cemim™][THNT]  and  (c)
[C1omim™][TfLN"] as calculated by the Einstein (MSD) and
Green—Kubo (VACF) expressions. The lines correspond to
experimental measurements [16].

here for [Cymim™][Tf,NT] and [CgmimT[TLNT] at
298 K and those reported in Ref. [43] for the self-
diffusion coefficients. Recent analysis of the raw
simulation data of Ref. [43] revealed several technical
problems in the simulation process and consequently,
the self-diffusion coefficient values reported in Ref. [43]
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Table 6. Activation energies obtained from fitting an
Arrhenius expression to the self-diffusivities calculated by
the Einstein relation.

Activation energy (kJ mol™")

Ep- Epy
[Cymim™][TH,NT] 30.0 29.1
[Csmim ][ TH,N ] 28.9 28.3
[Ciomim ™ ][THNT] 333 32.7

are problematic. Diffusion coefficient values using the
force field of Ref. [43] are close to the values reported
here for the same ILs.

The self-diffusion coefficients were also calculated
using the Green—Kubo formula:

1 00
D= §f0 dl(v,—(l) : v,-(O)), (10)

where v,(7) is the velocity of the center of mass of ion i
at time ¢ and the term inside the brackets is the velocity
autocorrelation function (VACF). The self-diffusion
coefficients were calculated using the last 2ns of each
trajectory with the information on velocity being
stored every 10fs. Although the two expressions
(Equations (9) and (10)) for the calculation of diffu-
sivity are in principle equivalent and are expected to
give statistically indistinguishable results when applied
to simple liquids, the Green—-Kubo method is more
prone to errors in cases of systems with complex local
dynamics and modes of motion that take place in a
wide range of timescales [1,82]. The self-diffusion
coefficients obtained from the Green—Kubo method
are systematically higher than those calculated using
the FEinstein relation (Figures 11(a), (b) and (c)),
especially at low temperatures, a fact that has
been presented in previous simulation studies for a
number of ionic liquids [82,85-87]. Thus, even though
Green—Kubo diffusivity coefficients appear to be closer
to the experimental values at low temperatures,
results obtained from the Einstein relation are con-
sidered more reliable [88]. The values obtained
from the two methods for all ILs progressively
converge as the temperature increases, since, at
high temperatures, local dynamics decorrelate
fast enough to be adequately sampled by the Green—
Kubo method.

Diffusivity calculations using the Einstein relation
were used to calculate the activation energies for
diffusion shown in Table 6 by fitting to an Arrhenius
expression. In all cases, the activation energy for the

anion is greater than that of the cation, as expected
from the values of the diffusivity obtained from the
simulations, in agreement with activation energy cal-
culations reported in the literature [9,10,82].

The fact that molecular simulation underestimates
the diffusivity at low temperatures may be attributed to
the fixed atomic charges that cause the formation of
long-living cages in order to achieve charge neutrality
among groups of ions, which results in a slower
dynamics [52]. It has been proposed [53,56,57] that
taking into account polarizability effects leads to better
low-temperature self-diffusion predictions compared
with experimental values. Moreover, strong dynamical
heterogeneity has been observed in imidazolium-based
ILs [51,52,83,89], which can be directly related to the
spatial heterogeneity due to the tail aggregation
phenomena. First results on the heterogeneity in the
dynamics of the ILs under study [90] indicate that the
low-temperature dynamics of these ILs is strongly
heterogeneous, leading to the formation of individual
clusters consisting of mobile or immobile ions inside
the bulk. At high temperatures the heterogeneity in the
dynamics appears mostly at very short times when the
motion of the ions is ballistic. At time-scales that are
relevant to the Fickian regime there is no evidence of
heterogeneity in the dynamics, probably indicating that
the high-temperature diffusivities calculated may be a
more accurate estimation of the self-diffusivities of
these systems.

3.5. Shear viscosity

Calculations of the shear viscosity were performed
using the following Green—Kubo relation:

V 00
n= kB—T</0 de(Py(1) - Pi(0)), (11)

where P(1) is the ij-element of the pressure tensor at
time ¢. The shear viscosity is a collective quantity and
its calculation is prone to errors due to the sensitivity
of the stress correlation function to the intramolecular
vibrational modes. The stress correlation function was
integrated at the last section of each productive run
and the viscosity was estimated by the integral plateau
value. In Figures 12(a), (b) and (c) the values for the
viscosity for [C,mim™*][Tf,N7], [Cgmim™*][Tf,N"] and
[Comim™*][Tf,N ], respectively, are plotted and com-
pared with experimental data [15-17,91]. As expected,
simulation overestimates the viscosity, being consistent
with the slower dynamics that has been determined
from the calculations of diffusivities, whereas the
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Figure 12. Shear viscosity MD results for
(a) [Chmim™|[TfoNT]  (experimental values from Refs.
[15-17,87]), (b) [Csmim™|[Tf,N"] (experimental values from
Refs. [15,16]) and (c) [C>mim][TfN"] (experimental values
from Ref. [15]). No value of the shear viscosity was included
for [Ciomim™|[TH,NT] at 298.15K as the integral of the
pressure tensor autocorrelation function failed to reach a
smooth plateau at that temperature.

temperature dependence of viscosity reproduces rather
well the experimental results for all IL systems.

4. Conclusions

Long MD simulations of several tens of nanoseconds
were performed over a wide temperature range from
298.15 to 498.15K with 50K increments and at
atmospheric pressure in order to study the thermody-
namic (density, thermal expansion, isothermal com-
pressibility), structural (radial distribution functions
between the centers of mass of ions and radial
distribution functions between different sites of the
ions, radial-angular distribution functions, end-to-end
distance distributions) and dynamic (relaxation times
in segmental dynamics, self-diffusion coefficients, shear
viscosity) properties of imidazolium-based ILs, namely
[C4mim ™ [THN ], [Csmim ™ ][TfN ] and
[C1omim*][Tf,N"]. The temperature effect was thor-
oughly studied, as well as the influence of the cation’s
alkyl chain length on the properties under
investigation.

The calculated radial and radial-angular distribu-
tion functions between the ions’ centers of mass reveal
that ILs exhibit organization at much longer distances
than ordinary molecules with the anion—cation inter-
action being stronger than the other two interactions at
all temperatures. There is a clear indication of alkyl tail
aggregation, which becomes more evident for the
longer alkyl chain lengths, while the anions were
found to localize near the cation’s imidazolium ring
where the positive charge is located.

The dynamics of these ILs were found to be
extremely sluggish, as indicated by the wide range of
relaxation times that characterize their segmental
dynamics, a fact that makes the calculation of their
transport properties a very complicated task, especially
at low temperatures, while the lack of experimental
data at high temperatures hinders the verification of
molecular simulation diffusivity predictions. However,
molecular simulation results for viscosity were consis-
tent with those for diffusivity and the temperature
dependence of these properties was captured well.

A wealth of information on the microscopic mech-
anisms that govern the spatial organization and the
dynamical behaviour of these systems was revealed,
especially by the comparative study of the three IL
systems with varying cation alkyl chain. Further
improvement of existing force fields or the develop-
ment of new ones that will incorporate the polariz-
ability of the systems may increase the agreement
between experimental data and simulations for the
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transport properties of ionic liquids, especially at low
temperatures.
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