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Abstract

lonic liquids (ILs) have attracted much attention for their unique physicochemical
properties, which can be designed as needed by altering the ion combinations. Besides
experimental work, numerous computational studies have been concerned with prediction of
physical properties of ILs. The results of molecular dynamics simulations of ILs depend
strongly on the proper force field parameterization. Classical force fields and the force fields
designed specifically for ILs have been found to yield diffusion coefficients, that are too low
for the liquid state. This has been attributed to the lack of electronic polarizability in the most
force fields. One simple solution to this problem has been uniform by scaling down of the
partial charges of all ions. In this work we investigated the influence of the charge scaling, the
size of the simulated system and the temperature factor on calculated density, radial
distribution function and the diffusion coefficients of the cation and anion of two
methylpyridinium based ionic liquids: 1-butyl-4-methylpyridinium tetrafluoroborate
([b4mpy][BF.]) and 1-butyl-4-methylpyridinium chloride ([b4mpy][CI]). We show that the
parameterization is the key for a proper reproduction of the diffusion coefficient and as a
consequence the melting temperature and ionic conductivity. We were also able to get some

structural informations on the cation-anion relationships in the investigated ILs.
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Introduction

lonic liquids (IL) are novel organic salts generally composed of an organic cation and
an anion, which is usually inorganic. It is known that ionic liquids exhibit extremely low
vapor pressure, thermal stability up to 400 °C and relatively low flammability. The unique
physicochemical properties of ionic liquids make them a good replacement of standard
organic solvents in a great number of different chemical reactions. Due to the chemical
stability and possibility of the recycled usage, the ionic liquids are in the field of interest of
the industry [1,2]. The properties of IL can be modified by simple changes in the nature of the
cation or anion. The knowledge of the way how to change physicochemical properties of ionic
liquids is crucial for their optimized design [3,4]. According to Katrizky et al., there are
approximately 10 anion-cation combinations [5], therefore all methods which can be used
for prediction of some IL properties can be extremely useful.

Theoretical chemistry offers three ways of the prediction of ionic liquid properties.
Quantitative structure — property relationship (QSPR) methods are based on the extrapolation
of already known or calculated properties of the training set of molecules. The newly built
model of relationship can be used for a prediction of the specific properties for the new
molecules [6,7,8,9]. Semi-empirical and ab-initio methods can be used to calculate the
electron density (charge distribution, polarizability), molecular geometry and volume of the
ion pairs [10,11]. The high correlation between molecular volume and basic physicochemical
properties for the ionic liquids was shown by Slattery et al [12] and Wilenska et al [13].
Empirical force field and molecular dynamics methods (MD) can be used for the prediction
almost all physicochemical properties of ionic liquids, however as it is shown in this study the
obtained results are highly dependent on the simulation parameters.

Molecular dynamics simulations of ionic liquids are preformed for almost 20 years
[14,15]. Lee and co workers studied the ionic conductivity for 1-n-butyl-3-methylimidazolium
ionic liquids with 1 ns molecular dynamics and show, that the self-diffusion coefficient of
ionic liquids is an important factor in determination of the ionic conductivity [16]. Prado and
Freitas aimed to investigate relationships between structure and thermodynamical properties
of the 1-butyl-3-methylimidazolium tetrafluoroborate by using 5 ns MD simulation and
OPLS-AA force field and show the difference between the diffusion of the cation and anion
[17]. Kodderman and co workers calculated viscosities for imidazolium-based ionic liquids by
using Green-Kubo relation and 10 ns MD and show that the parameterization of the force field
is crucial in the investigation of the ILs properties [18]. Picalek and co workers investigated

the surface and IL-water interface of aqueous solutions of 1-butyl-3-methylimidazolium
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tetrafluoroborate with 4 ns MD and MACSIMUS package and show that the surface tension
can be reproduced only by the polarizable force fields [19]. Zhang and Maginn compared
several methods for calculation of the melting point temperature using molecular dynamics
simulations for 1-n-butyl-3-methylimidazolium chloride [bmim][CI] [20]. They postulate, that
the pseudo-supercritical path (PSCP) method is reliable for prediction of the melting point
temperature. The effects of linear scaling of the atomic point-charges were investigated by
Youngs and Hardacre for the imidazolium based ionic liquid [21]. They show correlation
between the charge scaling factor and the diffusion coefficient. Kowsari and co workers
calculated dynamics and diffusion coefficient [22] and transport coefficients [23] of twelve 1-
alkyl-3-methylimidazolium-based ionic liquids by using OPLS and AMBER forcefield. They
show that the Green-Kubo relation gives lower values for electrical conductivity than the
Nerst-Einstein relation. Kislenko and co workers studied the electrochemical interface
between a graphite surface and the 1-butyl-3-methylimidazolium with 4 ns MD and AMBER
forcefield [24]. They observed, confirmed experimentally, formation of the interfacial layers.
It has been demonstrated, that enzymes are stabilized in several ILs well beyond room
temperature. Klahn and co workers investigated the stability of the lipase enzyme in several
ionic liquids by using GROMACS package [25].

Herein, we report the results of our theoretical studies on two ILs: 1-butyl-4-
methylpyridinium tetrafluoroborate ([b4mpy][BF4]) (CAS Number 343952-33-0) and 1-butyl-
4-methylpyridinium chloride ([b4mpy][CI]) (CAS Number 112400-86-9) by molecular
dynamics (MD) simulation. The most available literature data on ([b4mpy][BF4]) describes
viscosity [26,27,28,29,30,31,32] and density [28,29,31,32,33] as measured in a function of the
temperature. There are also a substantial amount of literature data according physicochemical
properties of binary [26,34,35,36,37] and ternary [38] systems of ([b4mpy][BF4]). It is known,
that ([b4mpy][BF4]) improves enantioselectivity of lipases [39], can be used as a solvent for
separation of n-alkanes [40,41] and has an inhibition effect of the copper corrosion [42].
There is also information on ([b4mpy][BF4]) toxicity [2,43,44]. The melting temperature of
([b4mpy][BF4]) is 303 K [45]. If we compare it with 301 K of ([b2mpy][BF4]) [46] we can
conclude, that isomerization of the 1-butyl-4-methylpyridinium cation seems to have a slight
effect on the melting temperature.

With our best knowledge there is only one theoretical work on ([b4mpy][BF4]) [47].
The authors used COSMO-RS method to reproduce the excess enthalpy and solubility of the
binary mixtures containing ([oXmpy][BF4]) and B2(CH,),Br (X=2-4; v=2-6). The anion BF,

can be considered as a hydrogen bond acceptor and the hydrogen atoms of the pyridine ring
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can act as donors. The alkyl group of the cation promotes interactions with apolar compounds
[47]. [b4mpy][CI] can exists in two forms, the first is solid with a melting temperature of
about 332 — 334 K, the second comes from the crystallization from dry acetone and form of a
white highly hygroscopic needles with the melting temperature ranges between 430 and 433K
[48]. If we compare the melting temperature of the first polymorphic form with 368 K [49],
384 K [50] and 370 K [51] of [b3mpy][CI]) we can make the same conclusion as in the case
of ([b4mpy][BF4]) that isomerization of the 1-butyl-4-methylpyridinium seems to have a
small effect on the melting temperature. Ellis and coworkers investigated the usage of
([b4mpy][CI]) with AICI; as a solvent for the linear dimerisation of but-1-ene in biphasic
mode [52].

In this work we investigated the influence of the charge distribution, the size of the
simulated system and the temperature factor on calculated density, radial distribution function
and the mobility of the cation and anion. Additionally we investigated the influence of the
anion and verified, if the molecular dynamics is able to predict the state of the simulated

chemical specimen (liquid or solid at given temperature).

Methods

1-butyl-4-methylpyridinium  tetrafluoroborate  ([b4mpy][BFs]) and 1-butyl-4-
methylpyridinium chloride ([b4mpy][CI]) were parameterized by using the antechamber
program from AMBER v.12 [53,54] package. The partial charges of cation and anion were
fitted to £1 (Fig 1.). Three different molecular systems for both ionic liquids were built by
placing 6x6x6, 8x8x8 and 10x10x10 unit boxes in the X, y and z dimensions and with a
volume of each unit box of about 2000 A3. We assume that every pair of cation and anion can
occupy one unit box. In the next step we performed 2 ns molecular dynamics simulation with
a temperature set to 300 K and NTP ensemble. The initial density of each simulated molecular
system was about 0.2 g/cm® and the equilibrium density was reached after 1 ns in all
simulations. This procedure let us to obtain the quasi random IL structure which was used for
a further investigation. Following, in all of the newly obtained IL molecular systems (three of
([b4mpy][BF4]) and three of ([b4mpy][CI]) with a size of 6°, 8%and 10° cation - anion pairs),
the partial charges were scaled by a factor of 1.0, 0.96, 0.92 and 0.88 and simulated in time of
10 ns in five different temperatures: 270, 300, 330, 360 and 390 K by using MD as
implemented in AMBER v.12 package [53]. The General AMBER force field (GAFF) was
already used with a success for prediction of some thermodynamic properties of the ionic

liquids [24,55,56]. All simulations were done with the following conditions: 1 fs time step,
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constant pressure (1 atm) and periodic boundary conditions. Long-range electrostatic
interactions were simulated using PME (Particle Mesh Ewald) method [57]. Non-bonding
interactions were updated every 25 steps and data were collected every 1 ps. All plots were
created and fitted using GNUPLOT [58], Origin [59] and MS EXCEL program. Spatial
Distribution Analysis was performed by using Travis [60] and VMD program [61].

Results and discussion

In the case of ionic liquid the description of the electrostatic interactions is the key to
reproduce experimental results by using MD simulations with empirical force field. However,
the scaling factor which mimics polarizability has to be used with extreme caution, due to the
fact, that the details in the radial distribution function (RDF) are lost, as the charges on the
ions decrease [21,62]. This task seems to be difficult, because the linear change of the charge
distribution is causing exponential changes in the mobility as described by the mean-squared
displacement (MSD) curves. In the investigated range of the charge scaling factor (0.88 to
1.0) we did not observed any significant change in the shape of the RDFs as shown in Fig 2.
With the temperature incensement the value of the first maximum responsible for the
description of the most probable cation-anion distance, was decreased and the peak was
flattened. We observed this tendency with the charge scaling factor of 0.92 and 0.88, after
crossing the IL melting temperature. This effect was caused by an increased mobility of the
ions for temperatures higher than melting temperature. With the scaling factor of 0.96 and
1.00, before and after crossing the experimentally measured melting point temperature, the
RDF plots are almost identical. This effect is visible in the case of all analyzed interactions
(cation-anion, anion-anion and cation-cation). To analyze in detail the cation-anion
relationships, we performed Spatial Distribution Function (SDF) analysis as shown on Fig. 3.
In the case of both analyzed ionic liquids the most probable cation-anion interaction place is
located with the hydrogen atom in the vicinity of the nitrogen from the pyridine ring. This is
due to the highest difference in the partial charge. Due to the presence of the highly mobile
alkyl chain, the interaction area is rotated against the pyridine ring. There is the second
interaction area with the second hydrogen atom from the pyridine ring. In this case we also
observed the rotation, however it is caused by the cation-cation interaction. Additionally, we
observed a 7-m interaction type as available on both sides of the pyridine ring. After crossing
the melting temperature, the first area of the cation-cation interactions is gone, due to the
increased mobility of the anions. All blue spots visible on Fig. 3 corresponds to the second

interaction area around 15 A as visible on the RDF plots.
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To observe in detail the change of the mobility of the ions as a function of the temperature for
different charge scaling factors, we have calculated mean square displacement (MSD) curves.
The MSD allows for easy calculation of self-diffusion coefficient. The first step to do so, is
the linear regression of the MSD plots, to obtain time related MSD. In our case it is nano
second time scale [A%ns], and in the manuscript will be called MSD-ns. This value can be

placed directly to the Einstein formula for calculation of the self-diffusion coefficient D;.
. d1l
D =lim—=<[r(t)-r(0)] >
. s [r:(t) - (0)]

Other physicochemical parameters such as viscosity, ionic conductivity or thermal
conductivity depend mostly on diffusion. Therefore the calculation of the mobility is the key
for a proper theoretical prediction of the physical properties of ILs. The direct correlation
between diffusion and viscosity is defined by the Stokes-Einstein equation, in which those
values are inverse proportional [63,64,65].

MSD plots calculated from MD simulations of [b4mpy][BF,4] with different box sizes are
presented on Fig. 4. For the small system with only 216 ion pairs, the deviation from the
linear lines are quite large and can be associated with local ordering and faster/slower
movement of some ions. For larger systems with 512 or 1000 ions pairs MSD plots do not
deviate from linear lines. With the large enough molecular system, the local deviations are not
statistically important and does not have a big influence for the obtained MSD-ns. The
summary of the obtained MSD-ns values are shown on Fig. 5. Our result show, that for MD
simulation with 1.0 and 0.96 scaling factor, MSD-ns values are very small for all
temperatures. The results with scaling factor 0.88 are in the best agreement with experimental
data, since the MSD plots (see Fig. 5) fits best to the viscosity plot [27]. However, in this
case, the estimation error is up to 50%. With the charge scaling factor of 0.7, the estimation
error can be even up to 80% as shown by Sprenger et al. [56].

The most adequate way for calculation of the melting temperature for ionic liquids seems to
be the Pseudo-Supercritical Path (PSCP) method postulated by Margin and co-workers
[20,66], however, its application is rather problematic. According to the Lindemann criterion,
the melting occurs, when the thermal motion of the atoms of the crystal reaches MSD of about
one tenth of the interatomic distance [67,68]. It can be briefly defined as (MSD/d%) ~ 0.1,
where “d” is the average intermolecular distance. In the case of the liquids, such universal
criterion does not exist, but have to be found individually, as it was shown by Niss et al. [69].
The authors named it as the intrinistic Lindemann coefficient. In the crystals MSD comes

mostly from the vibrations, in the case of the liquids, the major contribution comes from
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displacements. With the temperature increase in the crystals, the ordered state melts at Tp,
whereas in the amorphous state the disordered structure softens at the glass transition
temperature T, above which the flow connected with the viscosity, occurs [70]. The empirical
law Ty~ 2/3 Ty suggest that those two phenomena have a common basis [71]. Many ILs
slowly form glasses at low temperatures, because they have negligible vapor pressures. In
general, they do not evaporate or boil at high temperatures [72]. In our case the melting
temperatures for ([b4mpy][BF4]) and ([b4mpy][Cl]) are about 303 and 333 K, respectively. It
suggest the following glass transition temperatures: 202 and 222 K for ([b4mpy][BF,]) and
([b4mpy][CIl]), respectively. This prediction holds well, since the glass transition temperature
T, for ([b4mpy][BF4]) is 203 K [73]. In such a low temperature it is very difficult to catch a
proper MSD value to identify the glass transition temperature. Therefore the direct
identification of the melting temperature, seems to be a better solution. The straightforward
calculation, from the MD simulation with the temperature restraints of the melting point
temperature, can be overestimated or underestimated, due to the existence of the superheating
/ supercooling phenomenon [20,74]. To avoid that problem we decided to perform a set of 10
ns long MD simulations in a wide range of temperatures. As a consequence the estimation
error was within temperature step. In the case of ([b4mpy][BF4]) the experimentally measured
melting temperature is 303 K [45]. The mean square displacements (MSD-ns) in 300K were
3.06 and 2.34 and in 310 K were 5.07 and 3.30 [A?/ns] for cation and anion, respectively (see
Fig 5). The average cation — anion distances at 300 and 310 K were 4,7 and 4,8 A as identified
with the RDF plots (see Fig. 2 and supplementary data). The experimentally measured
melting temperature of ([b4mpy][Cl]), is about 333K. According to our calculation the
average distance between cation and anion is about 4.5 A in 340 and 350K. The mean square
displacements (MSD-ns) are 2.44 and 2.36 in 340 K and 8.24 and 6.40 in 350 K for cation and
anion, respectively (see Fig 5). The summary of the calculation of the so called by Niss et al.

[69] intrinistic Lindemann criterion are summarized in Table 1.
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Table 1. The summary of the calculation of the intrinistic Lindemann coefficient for both
simulated ionic liquids. The units of the diffusion coefficients are [A%ns], the average

distances are in [A].

([b4mpy][BF4]) ([04mpy][CI])
300K 310K 340K 350K
cation anion cation anion cation anion cation anion
3'Of =0.138 2'3‘: =0.106 5'OZ =0.220 3'38 =0.143 2'421 =0.120 23? =0.116 8'2‘21 =0.407 6'4? =0.316
4.7 4.7 4.8 4.8 4.5 4.5 4.5 45

According to Larini et al. [70] the ratio of MSD/d? is close to 0.129 for the melting of a hard-
sphere face-centred cubic solid. In the case of ionic liquids, this value seems to be a little bit
higher. According to our results, in the melting temperature, the ratio of ((MSD-ns] / d? ) is
about 0.20 and 0.14 for cation and anion, respectively. The differences are caused by the fact,
that the diffusion coefficient for the anion is smaller, than for the cation [17]. In general we
can postulate, that in the MD simulations the melting temperature will be crossed, when the
MSD will be grater than the average distance between cation and anion.

The self-diffusion coefficient of ionic liquid is the most important factor in
determination of the ionic conductivity. In this work we calculated the ionic conductivity of
[b4mpy][BFs] by using the nerst-Einstein equation, and compared it with available
experimental data [73] (see Fig. 6).

o - NeZ(Dse” (ca + Dsett any)
: VK, T

[oc — ionic conductivity; N — number of ions in the simulation cell; T — temperature; e —
electron charge; kg — Boltzmann’s constant; Dggr — Self-diffusion coefficient, as obtained with

Einstein formula.]

With the charge scaling factor of 0.88, the obtained ionic conductivity is systematically lower,
with an error similar as in the prediction of the viscosity (about 50%). Picalek and Kolafa [75]
are explaining this phenomenon by a short-time clustering which is caused by the correlation
in the ion motion. With the decreasement of the charge scaling factor, the interactions in the
clusters are weaker and the ion motion is higher.

Density of IL is a static parameter which is less sensitive to the charges used in
parameterization of empirical force field used in MD simulation then a dynamic parameter as

diffusion coefficient. Densities calculated from MD simulations of [b4mpy][BF,] at
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temperatures from 270 to 390 K are compared to experimental data on Fig. 7. In contrast to
MSD, the results from the density calculation, with charge scaling factor 0.88 are further from
experimental data than results with scaling factor 1.0. However, both sets of simulations
properly describe linear dependency of the density on temperature.

Conclusions

We performed 60 simulations for 1-butyl-4-methylpyridinium tetrafluoroborate
([b4mpy][BF,4]) and for 1-butyl-4-methylpyridinium chloride ([b4mpy][Cl]) testing different
sizes of the simulation system in different temperatures and with different charge scaling
factors. The minimal size of the simulated system have to be at least 500 cation-anion pairs.
The size of the simulated system affects calculation of mean square displacement and only for
large enough molecular system, MSD curves are linear. In the case of the small molecular
system, the local disturbances have a large influence on the obtained result. Scaling down all
partial charges by a factor of 0.88 is a simple solution to mimic polarization effect in IL and
gives adequate description of ionic mobility and its changes with temperature. The charge
scaling factor of 1.00 and 0.96 does not reproduce the diffusion coefficient and as a
consequence viscosity and the other diffusion based properties. Molecular dynamics
simulation is able to predict viscosity and ionic conductivity, however, our results show, that
the error is highly dependent on the charge scaling factor. While the charge scaling factor
decreases, the estimation error of the viscosity and ionic conductivity decreases as well. In our
case the estimation error was up to 50%. MD is a good tool for the structural description,
however we are losing some structural information with the decreasement of the charge
scaling factor. According to our results, the best compromise is 0.88. Using intrinistic
Lindemann criterion of about 0.20 and 0.14 for cation and anion, respectively, we are able to
identify the investigated IL melting point with an error less than 5%. However, to extend this
statement for the other IL’s, further investigation is needed. We were able to predict density
and radial distribution functions which are less sensitive to the charge parameterization used
in the simulations. In the case of the density, MD simulation was able to reproduce properly

linear dependency on temperature with the estimation error less than 5%.
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Fig 2. Radial distribution function (RDF) for ([b4mpy][BF4]) and ([04mpy][CI]) ionic liquid calculated
from MD simulations with 0.88 and 1.0 charge scaling factors, before and after crossing melting
temperature. All plots correspond to the system size of 10x10x10 (10_10) cation-anion pairs.
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Fig 3. Spatial distribution function (SDF) for ([b4mpy][BF.]) (top, A — 300K and B — 360K)
and ([b4mpy][CI]) (bottom, C — 330K and D — 390K). The red area corresponds to the
location of the anion around the cation, the blue area corresponds to the location of the cation.
All plots are taken in the distance of 0.4 A in the case of the anion and 1.4 A in the case of the
cation from the first maximum of interactions as visible on RDF plots. Fig. A corresponds to
51 and 55 % of population in the case of the cation and anion, respectively. Fig. B — 50 and 49
%, Fig. C and D — 48 and 55 % of population. One have to take the account, that after
crossing the melting temperature, the first sphere of the cation-cation interactions is gone and
the blue spots belong to the second peak on the RDF plots. Both ionic liquids are with the

0.88 charge scaling factor.
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(10_10) ion pairs (top), 512 (8_8) ion pairs (middle), 216 (6_6) ion pairs (bottom). The linear
approximation are given on the top right on the plots. The slope coefficient is called in the manuscript,
diffusion coefficient [A%*/ns].
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Fig 5. Mean square displacement as a function of temperature and charge scaling factor used
in the simulations. Viscosity data, as shown on the bottom-left plot (light-blue) are taken from
Bandres at al [27].
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Highlights
Molecular dynamics simulation is able to predict density, viscosity and ionic conductivity of
ILs.

Scaling down partial charges can mimic polarization and is necessary to reproduce physico-

chemical properties of ILs in MD.

Intrinistic Lindemann criterion can identify the ILs melting point, the increased mobility is

shown on SDF plots.

Insufficient size of the simulated system can effect in large local disturbances.
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