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Physical Chemistry Chemical Physics

ABSTRACT Imidazolium-based ionic liquids (ILs) incorporating the tricyanomethanide
([TCM]) anion are studied using an optimized classical force field. These ILs are very
promising candidates for use in a wide range of cutting-edge technologies and, to our knowledge,
it is the first time that this IL family is subject to a molecular simulation study with the use of a
classical atomistic force field. The [C4smim*][TCM7 ionic liquid at 298.15 K and at atmospheric
pressure was used as the basis for the force field optimization which primarily involved the
determination of the [TCM’] Lennard-Jones parameters and the implementation of three quantum
mechanical schemes for the calculation of the partial charge distribution and the identification of
the appropriate scaling factor for the reduction of total ionic charge. The optimized force field
was validated by performing simulations of the 1-alkyl-3-methylimidazolium tricyanomethanide
([Comim*][TCMT, n = 2, 4, 6, 8) IL family at various temperatures. Results for density, self-
diffusivity and viscosity are in very good agreement with the available experimental data for all
ILs verifying that the force field reliably reproduces the behaviour of imidazolium-based [TCM']
IL family in a wide temperature range. Furthermore, a detailed analysis of the microscopic

structure and the complex dynamic behaviour of the ILs under study was performed.
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1. Introduction

lonic liquids (ILs) are salts that are in the liquid state at room temperature and, by convention,
below 100 °C.*% ILs are characterized by extremely low vapor pressures, wide liquid ranges,
non-flammability, good electrolytic and solvation properties and easy recycling. In combination
with the aforementioned properties, one of their most important key feature is their chemical
tunability that enables the molecular design of task-specific ILs with controlled properties®*. In
this direction, molecular simulation significantly contributes in establishing the link between the
molecular structure of an IL and its macroscopic properties, providing at the same time a reliable
basis for the development of accurate property prediction strategies.

Tricyanomethanide ([TCM]) ILs are identified as very promising in being utilized in a wide
range of applications. They exhibit very good thermal and electrochemical stability combined
with strong charge delocalization that leads to a weak ion pairing and, hence, to low viscosities

6

and melting temperatures™ °. Imidazolium-based [TCM7] ILs, in particular, are considered

excellent for use in a number of chemical processes and technological applications such as in gas

and aromatic/aliphatic hydrocarbon separations’, as lubricants of hard coatings and ceramics®

5, 6, 9-11

and as electrolytes in dye-sensitized solar cells or in batteries'®. This IL family has been

13-15 and

recently also identified as one of the most attractive IL sorbents for CO, capture
separation from post-combustion flue gases in state-of-the-art carbon capture technologies.
Computational studies of imidazolium-based [TCM'] IL family are limited solely to the study
of the 1-ethyl-3-methylimidazolium [TCM] performed by Borodin'® using an efficient but very
complex and computationally expensive many-body polarizable force field. Incorporating
polarizability and charge transfer effects has a substantial influence on the computed physical

16-21

properties of ILs. Polarizable force fields permit the response of the ions to the local forces
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that evolve from the ions of their neighborhood and are therefore more accurate. Nevertheless,
taking polarizability explicitly into account entails the implementation of complicated simulation
schemes, increasing simultaneously considerably the required computational time.

An alternative approach that has been widely applied in classical molecular simulation studies
of 1Ls***! is the use of reduced partial charges as a simplified effective way to incorporate
polarization phenomena and to improve predictions of the dynamic properties that are

32, 33

systematically underestimated in molecular simulations with non-polarizable interaction

potentials. Quantum mechanical calculations applied to ILs without any constraints on the total

17, 22, 25, 27, 34-37

ionic charge resulted also in a sub-integer formal charge while charge transfer

38, 39 40, 41

effects have been detected in experimental studies as well. Recent theoretical studies
have focused on unfolding the relation between reduced charges and polarizability effects,
investigating the conditions under which a non-polarizable model with scaled charges becomes
equivalent to a polarizable one, providing a theoretical basis for charge reduction approach used
in IL simulations.

In the present study, imidazolium-based ILs that incorporate the [TCM] anion, namely the
[Comim*][TCMT ILs with n =2, 4, 6, 8 being the number of carbon atoms in the alkyl tail, are
studied by means of molecular simulation at various temperatures and at atmospheric pressure
using an atomistic classical force field. The [Csmim*][TCM] IL was used as test system for the
force field optimization procedure that took place at 298.15 K, having as an ultimate target the
accurate prediction of the [Csmim*][TCM] density and the cation’s self-diffusion coefficient.
The optimization mainly focused on the determination of the [TCM’ Lennard-Jones (LJ)

parameters and the identification of the scaling factor for the total ionic charge. For the latter,

partial charges were calculated quantum mechanically using three different schemes based: (a)
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on the isolated ions, (b) on four minimum energy conformations of the ion pair and (c) on two
ion pairs of [Csmim*][TCMT] in order to meaningfully estimate the scaling factor of the atomic
charge distribution to be used in the proposed force field. The final optimized force field was
validated at higher temperatures and in [Cymim*][TCMT ILs (with n=2, 6, 8) of the same

family varying the alkyl tail length of the cation.

Results on density and transport properties, namely self-diffusivities and viscosities, are in very
good agreement with experimental data revealing the ability of the force field in use to reliably
reproduce the behavior of the imidazolium-based [TCM] IL family in a wide temperature range.
Structural properties were calculated for all systems under study and further insight into the
characteristics of the ILs dynamics was obtained by analyzing the anisotropy in the ions
translational motion. Dynamic heterogeneity phenomena were quantified*” and ions that move
faster or slower than expected were detected to be highly spatially correlated. The alkyl tail

length and the temperature dependence of the above properties was examined.

2. Force field

The all-atom force field used to describe the potential energy of the molecular systems is

given by the following expression:

U= Z ky (b — by)? + Z ko (6 — 6,)% + Z ikx[1+cos(n)(—5)]

bonds angles dihedrals n=1 (1)
n-1 n 12 6
;i O;; qq
+ Z ey (W — 1) +ZZ{[<T—’> - (r—f> ] T r}
impropers =1 j>1 Y Y 0%ij
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where b, 6, y and w denote bond length, bond angle, dihedral and improper angle, respectively,
and the subscript “0” refers to the equilibrium values. Parameter n in the term of 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 @i, & is the vacuum

permittivity and ¢, o the Lennard-Jones (LJ) parameters.

2.1. Quantum Mechanical Calculation of Charges

20, 21, 43-45 is the

One of the major problems with force fields for ILs that is still under debate
estimation of charges. The correct prediction of intermolecular interactions within a force field
requires a delicate balance between attractive (electrostatic) and repulsive (van der Waals)
forces. Charges can in principle be calculated using quantum mechanical methods. Since charges
are not quantum mechanical observables, the assignment of electron density to each atom in a
moiety is to some degree arbitrary. A common practice is to use charges that reproduce the
electrostatic potential of a chemical compound®® and this approach was followed in the present
study. Charge calculations were performed using three schemes in order to study the effect of the
system size on the charge distribution obtained. First, we used isolated ions. Subsequently, an
anion-cation pair was considered. In this case, the relative configuration of the cation and the
anion is to be determined and therefore, calculations had to be carried out for a number of
different conformations. Finally, the charge distribution was also calculated using a cluster of
two ion pairs.

Quantum chemical calculations of charges for ILs are often carried out using density

functional theory (DFT)?. However, these methods are problematic for a number of reasons. The
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choice of the functional is not straightforward. It has been shown that hybrid functionals such as
B3-LYP*" which normally perform quite well for organic molecules do not give results as
good***"# as simpler functionals such as PBE®. Furthermore, DFT does not account for
dispersion interactions which are of importance for the structure of ILs and can give unphysical
charge transfer®’. Finally, a systematic improvement of the predictions of the DFT calculations is
not possible. Due to these limitations, we used Magller-Plesset perturbation theory (MP2) as a
post-Hartree-Fock method for the calculation of charges in accordance with other developments
of force fields for ILs**. Comparisons with more elaborate electronic structure methods indicate
that MP2 is trustworthy in this respect®. Its implementation with the resolution of identity
approach (RI-MP2°°?) is fast enough to allow the treatment of ions of the size needed for this
study. In all cases, the structure of the ions was optimized using the RI-MP2 method with a 6-

311++G** basis set>® and a def-SV(P) basis set®* as auxiliary basis set.

2.1.1. Charges from isolated ions

In the calculations of isolated ions, a total ionic charge of +1e or -1e was assigned to cations
and anions, respectively. In Tables S1 and S2 of the Supplementary Information the charges
obtained for the imidazolium cations and the [TCM'] anion, respectively, are shown. There is a
lot of similarity in the charge distributions of the different cations. In all cases, the largest partial
atomic charges can be found at the carbon atoms of the methyl groups at both ends of the
molecule, the carbon atoms in the imidazolium ring have almost no charge and the two nitrogen
atoms are equivalent with respect to the charges. In total, about half of the ionic charge is located

in the imidazolium ring, while the negative charge is smeared over the entire anion.
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2.1.2. Charges from one ion pair

For [Csmim"][TCMT] a series of different conformations of ion pairs were studied. Four
different minimum energy conformations were used. Table 1 shows the conformers of
[Csmim*][TCMT] and their relative energies. The relative orientation of cation and anion is
almost the same in all cases. The imidazolium ring and the anion are located in parallel planes
with a distance of about 3 A. The four conformations are all very close energetically and the
energy differences are within the range of thermal energy even at room temperature. Therefore, it
can be expected that all these conformations will be present in an ionic liquid at room
temperature. The conformational flexibility is mostly dominated by changes in the torsion angles
of the butyl group.

The differences of the charges obtained for the different conformations are small. Tables S2
and S3 list the average charge for each atom (and the standard deviation) in comparison with the
charges obtained for the isolated ions. In the calculation of the partial charges for the isolated
ions, a charge of £le was imposed on the ions while in the calculations for the ion pairs the
system was allowed to distribute the charge between cation and anion without imposing any
constrains. The total ionic charge in this case is significantly lower. This agrees with findings by
previous computational studies and experiment®’. The total ionic charge over the four minimum
energy configurations ranges from £0.716e to +0.756e, with a mean value of +0.7355e.
Consequently, the partial charges are also lower in this case. With a few exceptions, the charges
obtained for the different conformations of the ions pairs are similar as can be seen from the low
standard deviations. The largest deviations appear for the carbon atoms in the butyl group and

are probably related to the different torsion angles in the different conformations.
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2.1.3. Charges from a small cluster of ions

In order to verify the charges obtained for ion pairs, an MP2 calculation has been
performed on a small cluster consisting of two cations and two anions. The system was fully
optimized and then the charges were calculated by fitting the electrostatic potential. Figure 1
shows a representative structure of [C,mim*][TCMT] ion cluster obtained by geometry
optimization along with the calculated charges.
Although the ion pairs show a more or less stacked structure of the cation and the anion, the
orientation of the anions is different in the cluster. One of the anions remains parallel to the
imidazolium ring of the cation, but the second one takes a position more or less perpendicular to
the imidazolium plane. The second cation is again oriented almost parallel to the second anion.
There is no significant difference between the charges for the two cations. The charges on the
anions vary depending on the position of each anion in relation the other three ions of the cluster.
Namely, the charges on the anion on the left which interacts only with one cation are larger than
the charges for the second anion which interacts with both cations. In particular, the charge on
the central carbon atom changes from -0.50e to -0.33e. Since [TCM’] possesses n electrons
which are delocalized over the entire ion, the anion charge distribution is apparently able to adapt
very easily to changes in the environment. The total charge of each ion also varies significantly.
The total charge of the [C;mim™] cation in the middle between the two [TCM] anions is 0.769¢
while it is 0.651e for the other [C4mim™] ion. The total charges of the [TCM] anions are -0.828e
and -0.592e and are more diverse than the ones for the cations. The mean total ionic charge

obtained from the calculation on the small cluster is equal to £0.71e, slightly lower than the one



Physical Chemistry Chemical Physics

calculated for the ion pair (x0.7355¢) , indicating that it is meaningful for the IL under study to

be represented by a reduced total ionic charge of the order of £0.70 - 0.75e.

2.2. Force Field Optimization

The [C;mim*][TCM7] IL was chosen as a benchmark system and all the simulations at this
stage were performed at 298.15 K and at atmospheric pressure. The force field optimization
procedure focused on (i) the study of the effect of the charge distribution on the calculated
properties, (ii) the appropriate choice of the charges scaling factor to effectively incorporate
polarizability and charge transfer effects and, at the same time, (iii) the determination of the
[TCMT] anion LJ parameters in order to attain good agreement with the experimental data for
both the density and the self-diffusivity. The experimental data for the density of
[Csmim*][TCM7] used for comparison were taken from Ref. '3, whereas the experimental
measurement of the [Csmim™] cation’s self-diffusion coefficient was performed® at the Institute
of Chemical Reaction Engineering of the University of Erlangen-Nuremberg, Germany
following the procedure that is described in Ref. *°. Two different charge distributions have been
tested: partial charges as calculated on isolated ions (abbreviated ISO) and as determined from
the mean total ionic charge obtained by the four minimum relative energy conformations of the
ionic pair (abbreviated 4RC). In both charge distributions, necessary modifications were
performed in the anion’s charges so that atoms in symmetrical positions have the same charge.

The cations’ bonded and LJ parameters were obtained from Cadena and Maginn®’. Bonded
and LJ parameters for the [TCM] anion were available only for the case of a [TCM] IL coupled
to 1-ethyl-1-methylphospholinium cation. These were taken from a technical report by Martin et

58
l.

al.*® Using directly the anion’s LJ parameters of Martin et al.>® and the above mentioned charge

10
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distributions for the molecular simulation of [Csmim*][TCM] at 298 K results in a significant
underestimation of the diffusivity which is calculated in the range of 10® — 10 cm?/s. Although
this diffusivity range is too slow to be accurately sampled by MD, we indicatively mention that
use of 4RC partial charge distribution with this initial set of parameters resulted in a cation’s
self-diffusion coefficient almost one and a half orders of magnitude lower than the experimental
one. With the same set of parameters the diffusivity predictions with the ISO scheme, was two
orders of magnitude lower when scaled to 0.80e and more than one order of magnitude lower
with a scaling to 0.75e, indicating that apart from the total ionic charge itself, the distribution of

partial charges also influences the calculated diffusivity.

The optimization procedure was implemented through systematic modification of the anion’s
LJ parameters using both partial charge schemes and probing various scaling factors for the total
ionic charge. For each set of parameters, long molecular dynamics (MD) simulations were
performed as described in Section 3.1, with the primary target being the prediction of density
within 1% deviation from experimental data and, subsequently, the calculation of the diffusion
coefficient. From these test simulations it was observed that in order to obtain an equally good
agreement on the self-diffusivities from the two charge schemes, the 4RC charge distribution

needed to be reduced to a slightly lower total ion charge compared to ISO scheme.

In the analysis that follows, the ISO scheme was chosen to be used due to the fact that it
retains a degree of transferability in the proposed force field compared to the 4RC scheme, with
the latter requiring individual and more elaborate quantum mechanical computations for each IL
pair of the imidazolium-based TCM family under study. The 1SO set of parameters scaled to
+0.75e total ionic charge was identified as being the optimum one to realistically represent the

ionic liquid systems at hand, resulting in a deviation of less than 0.1% from experimental density

11
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and less than 5% in the calculated self-diffusivity at 298.15 K. The set of parameters of the
optimized force field to be used with the ISO charge scheme scaled to +0.75e are given in the

Supporting Information (Tables S4 and S5).

3. Simulation Details

The proposed force field that was optimized for the case of [C4smim*][TCM] at 298.15 K was
validated against experimental data by performing MD simulations at various temperatures. At
the same time, the transferability of the new parameters for [TCM] when paired with other
imidazolium-based cations varying the cation alkyl chain length was also studied. For this,
simulations of four ILs, namely, [Comim'][TCMT, [Csmim'][TCMT, [Cemim'][TCMT] and
[Csmim*][TCM], were performed at three temperatures (298.15 K, 363.14 K and 398.15 K), and
at atmospheric pressure. Bonded and LJ parameters [C,mim®] cations are obtained with some

57, 59, 60

slight modifications from the literature and are given in the Supporting Information

(Tables S5-S6).

Long MD simulations of 200 [C,mim*][TCMT] (n = 2, 4, 6, 8) ion pairs were performed using
the software code NAMD® using four independent initial configurations for each IL system at
each temperature. The initial structures were built using the Rotational Isomeric State (RIS)
model®® as modified by Theodorou and Suter®®*® available in MAPS®. The ions were placed in
the simulation box at the experimental density, if available, or at the value calculated by
extrapolating the available experimental data. A conjugate gradient energy minimization
procedure of 10°steps was applied to eliminate the atomic overlaps, followed by a short
simulation of 5 ns in the canonical ensemble (NVT). Afterwards, a 25 ns simulation in the

isobaric-isothermal ensemble (NPT) was performed in order to relax the system and calculate the

12
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density. Subsequently, simulations of 20 ns were performed in the canonical ensemble (NVT) at
the mean density, as obtained from the NPT simulations. Finally, simulation runs of the order of
30ns were conducted in the microcanonical ensemble (NVE) to calculate the transport properties.

Control of the temperature was performed using a Langevin piston with a5 ps™ damping
factor while the Nosé-Hoover barostat was used for pressure control with an oscillation period
equal to 200 fs and a damping factor of 100 fs. Electrostatic interactions were handled by means
of the particle-mesh Ewald method®®, while the electrostatic interactions between atoms
connected with three bonds were scaled by a factor of 0.5. The reversible reference system

propagator algorithm (rRESPA®®®’

) was used as a multiple time step algorithm in order to speed
up the MD simulations. The reference time step was 1 fs for the NVT and NPT simulations and
0.5 fs for the NVE ensemble. Short-range non-bonded van der Waals interactions were
calculated every 2 fs and the full electrostatic interactions were computed every 4 fs in the NVT
and NPT runs and in case of NVE simulations these were calculated every 1 fs and 2 fs,
respectively. A cutoff distance of 12 A was used to truncate the van der Waals interactions using
a switching function beyond 10.5 A. A long-range correction was applied to the system’s energy
and virial to account for the neglected van der Waals forces due to switching and cutoff of the

Lennard-Jones potential. The Lorentz-Berthelot mixing rules were used to calculate the force

field parameters between unlike atoms.

4. Results and Discussion
4.1 Density and transport properties
MD simulation results for density of the four ILs at various temperatures are shown in

Figure 2, together with experimental data'®*>®%%7°"t for [C,mim*][TCM], n=2,4,8 ILs. No

13
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experimental data were found in the literature for [Csmim*][TCM7] IL. The maximum deviation
between experimental data and MD simulations is 1.2 % for [Comim*][TCM], 0.7 % for
[Csmim*][TCMT] and 1.2 % for [Csmim"][TCM]. Mean density values from MD are provided in
Table 2.

Calculation of the ions self-diffusion coefficients was performed using the Einstein relationship:

D = = lim <-(Ir,(® ~ 1, O)I) @
6 tooo dt
where r;(t) is the position of the i-th ion’s center of mass at time t and the brackets denote the
mean-square displacement (MSD) over all ions’ centers of mass. The diffusion coefficients were
calculated in the Fickian regime, which is identified by a slope equal to unity in the log(MSD)
versus log(t) plot.

In Figure 3 the calculated diffusivities for the four ILs at all temperatures are plotted as a
function of the number of the carbon atoms in the cation’s alkyl tail. Experimental NMR
measurements™ "% for the cations diffusivity at 298.15 K for [C,mim*][TCM], (n=2,4,8), as
well as at 398K for [Cgmim*][TCM] are also plotted for comparison and appear to be in good
agreement with the predicted values. The predicted diffusion coefficient for [C,mim*] cation is
also in very good agreement with the calculated value from Borodin®® obtained with the use a
many-body polarizable force field (star symbol in Fig.3). It is obvious in Figure 3 that as the
alkyl tail becomes longer the ions diffusivity decreases. For the case of smaller (and lighter)
cations e.g. [Comim’] (mass 111.1645 amu) that has a mass comparable to one of the [TCM]
anion (90.0629 amu), the self-diffusion coefficients of the two counterions are rather similar. As
the cation’s alkyl tail becomes longer, and thus the cation becomes heavier (mass of
[Csmim®'] = 195.3235 amu), the anion’s self-diffusion coefficient becomes higher. No

experimental data on anions diffusivity are currently available. MD predictions for the self-

14
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diffusivities are also provided in Table 3. Diffusivity results of [Cgmim*][TCMT] in the
temperature range 298 K - 398 K are plotted against experimental data in Figure 4. Agreement
between experiments and simulations is very good in all cases.

Shear viscosity calculations were performed using the Green-Kubo relationship:

[oe)

\'%
M= T ) dt(P; () P;(0)) 3)

where Pj;(t) is the ij-element of the pressure tensor at time t (i#j). The pressure tensor was stored
every 8 fs at the last section of each productive NVT run and the viscosity was estimated by the
integral plateau value at a region in which the pressure autocorrelation function was fluctuating
around zero. In Figures 5a-d the viscosities of [Comim*][TCM7], [Csmim™][TCMT,
[Cemim™][TCMT] and [Csmim ][TCM, respectively, are plotted as a function of temperature
and are compared to experimental data’>*>®*"%"3 The agreement between the experimental data
and the predicted values is good with the temperature dependence of the viscosity being captured
very well taking into account the fact that viscosity is a collective property and, thus, difficult to
be reproduced. In the case of [Comim*][TCM7, there is an overestimation by the predicted

values in accordance with the slightly lower values of the calculated cation self-diffusivities.

4.2 Structure properties

Radial distribution functions (RDFs) between the centers of mass of the ions and between
various atoms of the ions have been calculated in order to study the microscopic structure of the
ILs. In Figure 6, the RDFs between the centers of mass for anion-anion, anion-cation and cation-
cation interactions are shown for (a) [Comim*][TCMT], (b) [Csmim*][TCM], (b)
[Cesmim*][TCMT] and (c) [Csmim™][TCM] at 298.15 K. Due to the strong interaction between

ions carrying opposite charges, the highest maximum is observed for the anion-cation RDF and it
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appears at a distance of 5 A in all cases. The anion-anion RDF has two maxima: a small one at
around 4A and a higher at 9 A. This is unlike the anion-anion RDF calculated for
[Comim™][TfNT] ILs® that exhibits only one maximum at around 9 A. The existence of the
smaller maximum at short distance is attributed to the smaller size of the [TCM] anion and the
weaker ion pairing that allows a more uniform anion distribution around the cations than the
bulkier [Tf,N] anion. Going from smaller to longer alkyl tails, the peak of the anion-cation RDF
(red line in Figure 6) increases from [Comim*][TCM] to [Csmim*][TCM7] and [Cemim][TCM]
and becomes sharper while it decreases in [Cgmim*][TCM] again becoming simultaneously
broader. At the same time, the peak of RDF that corresponds to the cation-cation interaction
(green line) also decreases as the alkyl tail becomes longer. This behaviour can be attributed to
the shift of the location of the cation’s center of mass due to the varying size and flexibility of

the alkyl tail.

More information on the microscopic structure can be obtained from RDFs between specific
atoms on the ions. In Figure 7, the RDFs between the terminal carbon atoms of the cation’s alkyl
tail are plotted for the four ILs at 298.15 K. In all cases, there is one maximum at around 4 A that
becomes more intense as the alkyl tail becomes longer, thus indicating the existence of tail

25,74,75,76,77
of

aggregation phenomena. This is in accordance with previous simulation studies
imidazolium-based ILs and is attributed’’ to the almost neutral charge of the alkyl tail that results
in stronger short-ranged van der Waals interactions which lead to the formation of non-polar
domains. At the same time, as the alky tail becomes longer the anion is found to be more
strongly correlated with the charged imidazolium ring as shown in Figure 8 where the RDFs

between the C2 carbon which is located on the most charged part of the imidazolium ring, and

the negatively charged nitrogen NC of the anion are plotted for all ILs at 298.15 K. The first

16
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intense maximum appears at around 3 A, whereas there are two small peaks at longer distances
which correspond to the other two, same-type nitrogens NC. The fact that the [TCM] anion is
more strongly correlated with the charged part of the cation for the cases of longer alkyl tails is
also supported by the fact that for the longer alkyl tail the [TCMT] is found to be less associated

with the terminal part of the almost neutral alkyl tail (see Figure S3).

4.3 Analysis of the dynamical behavior
a. Anisotropy in the cation’s translational motion

The translational motion of the center of mass of cations was analyzed along various axes
specified by the geometry of the cation. In particular, the displacement of a center of mass during
a time interval t — ty was projected onto the following axes at time ty: the vector NN that connects
the two nitrogen atoms in the imidazolium ring, the normal vector to the imidazolium ring, the
vector NNp that is perpendicular to the former two vectors and the end-to-end vector N3-Ct of
the alkyl tail (see Figure S4). In Figure S5, the MSDs along these axes are plotted against the 1/3
of the total MSD for the four ILs at 298.15 K. For the [C,mim*] cation that has the shortest alky
tail, MSD calculations along the various vectors are close to each other. However, there is a
slightly enhanced movement along the NN vector, a fact that becomes more pronounced as the
alkyl tail becomes longer. In the case of [Cgmim®] at 298 K, the MSD along N3-Ct is almost
50% higher than the 1/3 of the total MSD at 1.5 ns. These findings are in accordance with similar
analysis performed for imidazolium-based ILs that incorporate the [Tf,N] anion’® and also with
the results of Liu and Maginn®* on [C,mim*][Tf,N]. This anisotropy in the cations translational
motion is preserved over long timescales that reach even in the Fickian regime at 298.15 K.

17
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b. Cluster formation of dynamically distinguishable ions

The heterogeneity in the dynamics can be quantified by the calculation of the non-Gaussian

parameter a,(t) given by the formula®:

_ 3(|ri(t) — ri(to) 1*) _q
5(|r;i () — 1 (to) |2)? (4)

a,(t)

where |r;(t) — r;(ty)| is the displacement of an ion’s center of mass at the time interval t —t,. In

case of a Gaussian distribution of |r;(¢t) — r;(to)|, a,(t) is zero while any deviations from zero
indicate the presence of heterogeneities in the dynamics. In Figure S6(a-d), a,(t) for

[Comim*][TCM], n=2,4,6,8 is shown as calculated at 298.15 K. Dynamic heterogeneity is

present in all IL systems, and a,(t) is higher at all cases for the anion and for the longer alkyl
tails while it is also preserved at longer time scales. As the temperature increases, a,(t) reaches

zero faster whereas its maximum is less intense and is observed earlier (not shown here).

The presence of dynamically distinguishable ions is quantified by the deviation of the self-
part of the van Hove function G,(r,t) from the expected Gaussian distribution. The G,(r, t) is the
probability that a particle is at position r; (t) at time t given that it was located at r;i(0) at time O

and is given by the formula™:

N N
1 1
65(r,0) = () Olr+1,(0) ~ (O = () SlAr ©
i=1 i=1

From the deviations of G¢(r,t) from the Gaussian distribution at short and long

18
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distances one can identify ions that have moved less or more than expected at a
specific time interval®. This phenomenon is depicted by an intersection of the self-
part of the van Hove function G,(r,t) with the expected Gaussian distribution when
plotted in a comparative manner as shown in Figure 9 for the [C;mim*][TCMT ions at
298.15 K and at various time intervals. The intersection of the two curves at short
distances (r;) and long distances (r,) is indicative of ions with low and high mobility,
respectively, according to the distance that each ion has travelled at time t. More
details on the procedure used for these calculations are presented in Ref.”®. RDFs
between ions that are found to move faster and slower than expected have been
calculated in order to investigate the correlation of these ions in space. In Figure 10,
RDFs between dynamically distinguishable anions and cations of [C;mim*][TCM] at
298.15 K are plotted against the total g(r) as calculated without any discrimination on
the dynamic behaviour of the ions. The maxima of all the RDFs appear at the same
distances, however, the RDFs between fast anions — fast cations and slow anions —
slow cations exhibit a much higher peak compared to the total RDF whereas, on the
other hand, the RDF between fast and slow ions has a much lower peak. Similar
observations have been made for all ILs under study and for the cation-cation and
anion-anion RDFs as well. These findings indicate the formation of clusters in the

bulk that are comprised of dynamically distinguishable ions.
4. Conclusions
A classical atomistic force field was proposed for imidazolium-based

tricyanomethanide ([TCM) ILs. The optimization of the force field was performed on
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the basis for accurate prediction of the density and the cation self-diffusion coefficient
of [C;mim*][TCMT] at 298.15 K by tuning the Lennard-Jones parameters of the anion
and simultaneously testing various charge distributions. The charge distribution
obtained from quantum mechanical calculations on isolated ions was finally chosen as
it is transferable, compared to charge distributions calculated on four minimum energy
configurations of the ion pair. Polarizability and charge transfer effects are
incorporated in a simplified effective way into the system by uniformly scaling the
atomic charges to yield an ionic total charge of +0.75e, as dictated by the reduced
ionic charge determined in the quantum mechanical study on an ion pair and on a
small ion cluster.

The accuracy of the optimized force field was tested at higher temperatures, namely
363.15 K and 398.15 K, and for ILs consisting of cations with shorter and longer alkyl
tails. The agreement between measured and predicted densities and transport
properties of all ILs under study confirms the efficiency of the proposed force field for
imidazolium-based [TCM7] ILs. The force field captures well the temperature
dependence of the density, diffusivity and viscosity and the prediction for [C,mim’]
cation self-diffusivity is very close to the one obtained with the use of a complex
polarizable force field.

Detailed study of the structural properties of the ILs revealed a trend for aggregation
of the cation’s alkyl tail that is more pronounced for the longer ones while the anion
was found to be more preferably situated near the imidazolium ring. Further analysis
on the ions translational motion revealed anisotropy in the cations translational motion

with an enhanced movement along the vector that connects the two nitrogen atoms in

20
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the imidazolium ring and along the end-to-end vector of the alkyl tail. The
heterogeneity in the dynamics of the ILs under study is investigated through the
calculation of the non-Gaussian parameter and dynamically distinguishable ions are
detected and found to be highly spatially correlated.

The predictive ability of the validated force field constitutes a reliable starting point
for the study of a wide range of properties of the imidazolium-based [TCM] family,
such as simulation of confinement effects and calculation of gas permeability and

selectivity properties that are currently underway.
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Table 1: The conformers of [C;mim"][TCMT and their relative energies as calculated from RI-

MP2 method on one ion pair.

Structures and Relative MP2 energy

0.0 (kJ/maol) 2.0 (kJ/mol)

4.7 (kJ/mol) 5.1 (kJ/mol)
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Table 2: Mean mass density values for the four ILs at different temperatures and 1 bar using

four individual configurations for each IL at each temperature.

Mass Density (gr/cm®)

T(K

o [Comim™][TCM] [Cimim™][TCMT] | [CmIim'][TCMT] | [Camim*][TCM]
298.15 1.0943+0.0002 1.0483+0.0006 1.0237+0.0004 0.9967+0.0003
363.15 1.0409+0.0001 0.9968+0.0001 0.9742+0.0002 0.9480+0.0003
398.15 1.0126+0.0001 0.9699+0.0001 0.9480+0.0002 0.9228+0.0003

Table 3: Mean self-diffusion coefficients of the ions’ center of mass for the four ILs at different

temperatures and at 1 bar using four individual configurations for each IL at each temperature.

Self Diffusion Coefficients (107cm?/s)
T (K)
[Comim™][TCM] [Cimim™][TCM] [Cemim™][TCM] [Cemim™][TCM]
Anion Cation Anion Cation Anion Cation Anion Cation
298.15 | 5.4+0.2 6.2+0.6 | 4.1+04 | 3.6+0.4 2.4+0.2 1.9+0.1 | 1.64+0.04 | 1.2+0.1
363.15 35+1 35.7+0.8 29+1 27+3 23.1+0.9 | 19.1+0.5 | 20.0+0.7 | 15.2+0.8
398.15 67+1 68+3 54+3 51+1 48+2 38+2 43+1 31.7+0.7
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Figure 1: The structure of two pairs of [Csmim"][TCMT with charges obtained from the

quantum mechanical calculations.
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Figure 2: Mean density of [Cymim*][TCM7], n = 2,4, 6, 8. MD predictions (full points) and
experimental data (open points) for [Comim"][TCMT*%% [C,mim*][TCMT=" and
[Csmim*][TCM].*® Lines are fit to the experimental data. The error bars in the MD predictions

are within the symbol size.
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Figure 3: Self-diffusion coefficients (as calculated from four independent simulation runs) of the
anion (circles) and the cation (squares) versus the carbon atoms in the cation alkyl tail as
calculated at 298.15 K (black), 363.15 K (red) and 398.15 (blue). The open circles are the
experimental measurements® ’? of the cation diffusivity at 298.15 K and the star symbol

corresponds to a molecular simulation prediction® using a polarizable force field. The error bars

in the MD predictions are within the symbol size.
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Figure 4: Self-diffusion coefficients of the anion (circles) and the cation (squares) versus
temperature for [Cmim*][TCM7. The open points correspond to experimental results’>. The

error bars in the MD predictions are within the symbol size.
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Figure 6: Radial distribution function g(r) for the anion-anion (black), anion-cation (red) and

cation-cation (green) center of mass of (a) [Comim'][TCMT], (b) [Csmim'][TCMT, (c)

[Cemim™][TCMT] and (d) [Csmim*][TCM] at 298.15 K.
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Figure 7: Radial distribution function g(r) between the terminal carbon atoms in the cation alkyl
chain of [Comim*][TCM7] (black), [Csmim'][TCMT (red), [Cemim'][TCMT] (blue) and

[Cemim*][TCMT (green) at 298.15 K.
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Figure 8: Radial distribution function g(r) between the C2 carbon of the cation imidazolium ring
and the NC nitrogen of the anion for [Comim*][TCM7] (black), [Csmim*][TCMT] (red),

[Cemim*][TCM] (blue) and [Csmim*][TCM] (green) at 298.15 K.
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mass as calculated from all ions.
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