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Abstract

A classical force field based on the General Amber Force Field (GAFF) was refined
for the simulation of choline chloride (ChCl) and ethylene glycol (EG) mixtures over
a wide composition range by scaling the partial charges and van der Waals parame-
ters. The scaling factors were derived by fitting the simulation results to only eight
experimental density and viscosity data points of pure EG, and ChCl/EG mixtures
at 1:2, 1:4, and 1:6 molar ratios. Using the refined force field, properties essential
for electrochemical applications such as density, viscosity, self-diffusion coefficient, and
ionic conductivity were calculated and excellent agreement to experimental results was
found even for compositions and temperatures not used in the fitting procedure. In
addition, new experimental data for density, viscosity, and ionic conductivity are re-
ported as a function of temperature and composition for this mixture. To the best of

our knowledge, this is the first classical force field developed for the study of ChCl/EG

1



mixtures over a composition range that includes the eutectic point. Using the new
model, the liquid dynamics was studied in terms of ionic conductivity. It was found
that the dynamics in ChCl/EG mixtures with ChCl mole fraction higher than 20% is
similar to that of ionic liquids, high temperature molten salts and highly concentrated

water-in-salt electrolytes.

Introduction

Deep eutectic solvents (DESs), particularly type ITI DESs,! have drawn extensive attention
over the past two decades due to their potential for application in a wide variety of fields. 12
In addition to their favorable properties such as low volatility, low lammability, and electro-
chemical and thermal stability under common working conditions, DESs are highly tunable.
Type III DESs are usually formed by mixing hydrogen bond acceptors (HBAs), such as
halide salts, and hydrogen bond donors (HBDs), typically alcohols, amides, or carboxylic
acids to form a liquid with a significantly depressed freezing point as compared to the parent
components. By combining different HBAs and HBDs, there are potentially an unlimited
number of DESs, before even considering mixtures of DESs or DESs with other additives. 31
Theoretically a DES could be tailored to serve any specific application and therefore DESs
are usually considered “designer” solvents.

While the wide design space offers opportunities for designing solvents for particular ap-
plications, it has also created obstacles in developing fundamental structure-property under-
standing. Many efforts pursuing such understanding have been carried out using a variety of
techniques in recent years. %3162 However, few underlying principles are available to guide
the design of a DES?® and broad fundamental understanding of the link between compo-
sition, structure, and properties of DESs is still missing. For example, ethaline is one of
the most studied DESs over the past decade, which is a 1:2 molar ratio mixture of choline

chloride (ChCl) and ethylene glycol (EG). Crespo and co-workers recently studied the phase

behavior of the ChCl and EG mixtures and found that the eutectic point is between 1:4 and



1:5 molar ratios instead of the commonly asserted value of 1:2.%7 Klein and co-workers also
studied ChCl and EG mixtures reporting physical and electrochemical properties of 1:2, 1:4
and 1:6 ChCL:EG molar ratios.?® It was found that the viscosity of the mixture decreases
with increasing EG fraction, whereas the ionic conductivity shows a maximum at a ChCLEG
ratio of 1:4, suggesting that the 1:4 ratio mixture might be a better choice for electrochemi-

13,19,2931 clearly demonstrated the urgent need for

cal applications. These and other studies
systematic studies of DES mixtures over a wide composition range.

Classical molecular dynamics (CMD) simulations that utilize parameterized force fields to
represent energetic interactions have proven to be a powerful tool to pursue such fundamental
understanding. With CMD, one has the ability to calculate macroscopic thermodynamic and
transport properties and simultaneously provide molecular level insights, something which is
still a challenging task for ab initio MD (AIMD) simulations. 3?3 However, the reliability of
such simulations highly depends on the accuracy of the applied force fields. Efforts have been
made to develop accurate force fields for DES systems showing both successes and challenges.
Ferreira and co-workers compared eight sets of parameters for ethaline, most of which are
based on OPLS-AA force fields.?* For the set with the best overall performance, the liquid
density was significantly underestimated. Doherty and Acevedo tried to improve the OPLS-
AA force field for eight choline chloride-based mixtures at 1:1, 1:2 or 1:3 HBA:HBD ratios,
depending on the HBD, by fine-tuning the parameters against experimentally determined
liquid structure and other bulk properties as well as first principle calculations.?® The resul-
tant force fields were able to reproduce experimental densities, viscosities, heat capacities,
and surface tensions quite well. However, the simulated dynamics of the liquids are similar
to supercooled liquids at and slightly higher than room temperature. As a result, the models
were unable to capture the experimental self-diffusion coefficients under ambient conditions.
Another popular force field for liquid simulation is the general Amber force field (GAFF).36
By introducing a weak van der Waals (vdW) term to the hydroxyl hydrogen atoms to better

capture the hydrogen bonding behavior,®” Perkins and co-workers showed that GAFF can



describe ethaline and two other DESs reasonably well when the partial charges derived using
the RESP method?® following a multiconformation procedure were scaled by 0.9.3° Although
not perfect as we tested on ChCl and EG mixture at 1:2 ratio,®? this is one of the successful
developments in simulating ethaline. Also based on GAFF, Chaumont and co-workers took
an alternative route to improve the force field performance.*® Without scaling the partial
charges, the authors developed force fields for ethaline and glyceline (1:2 molar ratio mix-
ture of ChCl and glycerol) by tuning the vdW parameters of the oxygen and hydrogen atoms
of the hydroxyl groups. This force field was accurate in predicting the static, dynamical,
and structural properties of both DESs. Other force fields have also been reported for DES
systems in the literature.*4* However, most of these models focus on one fixed HBA and
HBD ratio, which, as shown in the current work, could limit their applications to other
compositions.

In the current work, the non-bonded parameters in the GAFF force field for ChCl and
EG mixtures were tuned against recently published experimental density and viscosity data
at 298 K over a wide ChCl fraction. Using the refined model, the experimental density,
viscosity, ionic conductivity, and self-diffusion coefficients as functions of temperature and

ChCl fraction were reproduced quantitatively.

MD simulations

CMD simulations were carried out using the package LAMMPS.*® The long-range electro-
static interactions were calculated using the particle-particle particle-mesh (PPPM) method 46
with a real space cutoff of 12 A. The same cutoff was used for van der Waals interactions

7 was applied.

and a tail correction*
The simulation boxes at different ChCl:EG ratios were built up by placing the proper
numbers (see Table 1) of Cht, Cl7, and EG molecules randomly in a cubic box using the

package Packmol. ¥4 Each system was equilibrated for 2 ns in the isothermal-isobaric (NPT)



ensemble followed by production simulations in the canonical ensemble (NVT). The Nosé-
Hoover thermostat with chain length of three was used to control the temperature®® and an
extended Lagrangian approach® was used to control the pressure. A time constant of 100 fs
was used for both the thermostat and barostat. The pressure was fixed at one atmosphere
in all constant pressure simulations with isotropic volume fluctuations. Periodic boundary
conditions were applied in all directions and a time step of 1 fs was used in all simulations.

The viscosity was calculated using the Green-Kubo relation

1= [ (Paslt) - Paa() a 0
a<p 0

where V' is the system volume, kg is the Boltzmann constant, T is temperature, and ]5&5
denotes an element a3 of a modified pressure tensor as detailed in our previous publication.??
The time-decomposition procedure® was used in the calculation, in which 30 independent
equilibrium NVT simulations, up to 10 ns each, were carried out for each data point. The
uncertainty was estimated using a bootstrap method. >3

The ionic conductivity was calculated using the Einstein relation

o8 = 6]@%‘/ Jim %<Z Z Gigj[ti(t) — 1:(0)] - [r5(t) — rj(O)]> )

i=1 j=1

where r;(t) is the center of mass (COM) position of species i at time ¢, and N, is the

total number of Ch™ and Cl~ ions in the mixtures. To improve the statistics in the Einstein

Table 1: Composition of simulation boxes.

ChCLI:EG Number of ChCl Number of EG

1:2 250 500
1:3 200 600
1:4 175 700
1:5 150 750
1:6 125 750
pure EG - 1000




relation calculation, a procedure similar to the time-decomposition method for viscosity®?
was applied. For each system, 30 independent trajectories were generated in the NVT
ensemble. Eq 2 was applied to each trajectory, and the average over 30 trajectories was
reported. The uncertainty was estimated using the bootstrap method.?® A finite system size
correction was applied to the self (i = j in Eq 2) terms using the method proposed by Yeh

54,55

and Hummer with the calculated viscosities.

The self-diffusion coefficient was calculated using the Einstein relation

1
D=5l oodtNquZ ~n(OF) @)

where NV is the number of individual species. The effect of finite system size was corrected

using the Yeh and Hummer method®®® with the calculated viscosity.

Force Field Development

As mentioned in the Introduction, the model based on GAFF developed by Perkins and co-
workers® has been one of the most successful force fields for ethaline. Therefore, instead of
starting from the original GAFF, we took Perkins model as the base for further refinement.
To limit the number of the tuning parameters, a scaling factor was applied to charge, ¢, and
vdW parameters, o and e, respectively, for each molecule or ion. This yields three scaling
factors for EG (SF¢, SZ¢ and SFY) and five scaling factors for Ch* and Cl™ ions (S,
SCh SCM S and S¢). To fit these scaling factors, a two-step procedure was applied. In the
first step, SQEG, SEC and SEY were derived by fitting to experimental results of pure EG. The
scaling factors for Ch™ and Cl~ ions were then derived in the second step with the scaling

factor of pure EG from the first step unchanged.



Pure EG

The scaling factors SY¢, SZ¢ and SFS were derived by fitting three experimental properties

of the pure EG: density (p) at 298 K, the slope of the density vs temperature (dp/dT")
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Figure 1: Calculated density (p) at 298 K, density~T slope (dp/dT'), and viscosity at 298 K
as a function of scaling factors S7%, SI¢ and SF¢ for pure EG. Experimental values (Zhang
20203%) are shown in dotted lines.



between 298 and 363 K, and the viscosity (1) at 298 K. The effect of each scaling factor on
the three properties was checked by adjusting each scaling factor separately. The results are
shown in Figure 1. Both p and dp/dT scale linearly with all three scaling factors and the
trends agree with common intuition. For example, the density p increases with increasing
SEC and SqEG because of the stronger intermolecular interactions. Density decreases with
increasing SE¢ because larger atomic diameters push molecules farther away from each other,
therefore lowering density. With SF¢ = 1.3, simulations were carried out for a few values of
SEG . As shown in the plots, the same linear behavior was observed for both p and dp/dT.

Viscosity is much more expensive to compute than density, so only three values of each
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Figure 2: Calculated density and viscosity as a function of temperature for pure EG and
compared to experimental results (Cordeiro 2011,%* Zhang 2020,3% and Lide 2005°¢). The
estimated uncertainty in the calculated results are smaller than the size of the symbols. The
results calculated in the current work using a previous force field®® are also included for
comparison.



scaling factor were tested against viscosity. As shown in Figure 1, when viscosity is plotted
on a logarithmic scale, nearly linear relationships were observed for all three scaling factors,
with SqEG deviating the most from linearity. These results suggest that the three properties
can be predicted to scale linearly with all three scaling factors as well as the combinations of
the scaling factors. Therefore, instead of trial and error sampling in the three dimensional
parameter space, which would require a large number of simulations, the determination of
the three scaling factors was achieved by solving three linear equations with three variables.
With minor manual adjustment, the final set of the scaling factors for pure EG was found to
be SF¢ = 1.046, SE¢ = 1.028, and SF = 1.340. With these scaling factors, the density and
viscosity of pure EG as a function of temperature were calculated and the results are shown
in Figure 2. The results using the Perkins model®® are also included. The accuracy of the
calculation was significantly improved with the new model, and both density and viscosity

3357 very well over the entire temperature range, although

agree with experimental values
only one viscosity value at 298 K was used in the fitting. This new model of EG with the

optimized scaling factors was used in the fitting of scaling factors for Ch* and C1~.

ChCl and EG Mixtures

The five scaling factors S{"!, S §€"  SC! and SE' for Ch* and CI™ ions were fit to
reproduce five experimental values at 298 K, the densities at ChCl:EG ratios of 1:2 and
1:4, and the viscosities at ChCL:EG ratios of 1:2, 1:4 and 1:6. Ionic conductivity was not
included in the fitting, but it was calculated for each set of the scaling factors from the same
simulations for the viscosity calculation. The effect of each scaling factor on the calculated
properties was also studied. However, unlike the cases for pure EG, some correlations show
large deviations from linear behavior. The trends are more complicated than those of pure
EG as well. Some trends are even against common intuition. For example, with increasing
SCh. the liquid density was found to decrease, as expected, but the calculated viscosity

was found to increase and the ionic conductivity decreases for all three compositions. A



possible reason for this abnormal behavior lies in the complicated interactions existing in

these mixtures. As we pointed out previously,?® EG-Cl~ interactions are stronger than
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Figure 3: Calculated density, viscosity and ionic conductivity for ChCl and EG mixtures as
a function of ChCl fraction at 298K and compared to experimental results.?® The estimated
uncertainty in the calculated results are smaller than the size of the symbols therefore not
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other interactions in ethaline. When o is increased for Ch™ atoms, Ch™-Cl~ and Ch*-EG
interactions become weaker. As a result, EG-CI™ interactions could be enhanced due to
the increased coordination between them and cause the increase in viscosity and decrease in
ionic conductivity.

Five linear functions were solved to get the initial set of scaling factors, similar to the case
of pure EG. However, significant deviations were observed from linear correlation between the
calculated properties and the scaling factors. Therefore, further manual adjustments were
made to improve the performance of the force field initially derived from the linear functions.
During this process, values of the calculated ionic conductivity were also considered, although
they were not fit to experimental results directly. Approximately 40 sets of scaling factors
were tested. The scaling factors with the best overall performance are SthCl = 0.833, S¢h
=0.880, S&"=1.429, S¢' = 1.107, and S = 0.502. Note that the scaling factor S¢"“" = 0.833
is relative to a full charge of 1.0. Therefore in the refined force field, the total charges on
Ch* and Cl~ are +0.833 e, respectively, slightly lower than the 0.9 e charge in the Perkins
model.

The calculated density, viscosity, and ionic conductivity as a function of ChCl fraction
using this force field are shown in Figure 3 and compared with experimental results. We
report new experimental data in the figures, which are listed in Table S2. The calculated

results using two previous force field models34°

are also included. For all three properties,
previous models generally behave poorly although the results at certain compositions can
be accurate. For the results using the new model, the slope of density with respect to ChCl
fraction varies from experiment slightly. However, considering the small range of the density
over the composition range and the fact that the largest deviation from experiment is only -
0.003 g/cm? or -0.3% at a ChCL:EG ratio of 1:2, the agreement between the calculated density
and experimental data is very good. In addition, the agreement between the calculated and

experimentally measured viscosity and ionic conductivity over the whole composition range

is nearly perfect. The maximum ionic conductivity at ChCl:EG=1:4 (ChCl mol% = 20%)
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as determined by experiment is also successfully captured. Overall, the performance of the
new model was found to be excellent, despite the fact that it was fit to only two density and
three viscosity data points at three compositions. The refined non-bonded parameters for

EG and ChCl are provided in Table S1 in the Supporting Information (ST).

Results and Discussion

The refined model was further validated by comparing the calculated results to available
experiments beyond the fitting properties or conditions. Figure 4 shows the calculated self-
diffusion coefficients of the mixture with ChCl:EG=1:2 ratio as a function of temperature.
The results using Perkins’ model® are also included. Both models correctly capture the
trend that the self-diffusivity increases with increasing temperature and the order of the
self-diffusivity is EG > Cl~ > Ch*. The new model is more accurate than the previous
model, although self-diffusivity was not explicitly included in the fitting procedure.

As mentioned earlier, the new model of the ChCl and EG mixture was derived by fitting
to experimental data at 298 K. The performance of the new model at other temperatures was
checked at different ChCl:EG ratios. The calculated density, viscosity, and ionic conductivity
are shown in Figure 5 for ChCl:EG=1:2 and 1:4 ratios. The results for ChCl.EG=1:3, 1:5,
and 1:6 ratios are provided in Figures S1 to S3 in the SI. The calculated results agree with
experimental data very well at all temperatures, especially at low ChCl fractions. This
suggests that the refined model is able to properly capture the temperature dependence
beyond the fitting temperature. Numerical results at all compositions are summarized in
Tables S3 to S5 in the SI.

A recent experimental study showed that the ChCl:EG=1:4 mixture has higher ionic
conductivity than other compositions.?® Using the new model, the ionic conductivity in the
ChCl and EG mixtures was studied in greater detail. In addition to the Einstein relation

(Eq. 2), the ionic conductivity can also be calculated based on the self-diffusion coefficients
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using the Nernst-Einstein (NE) relation
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Figure 4: Calculated self-diffusion coefficients in ChCl:EG=1:2 mixture at 298K and com-
pared to available experimental results.?® The results calculated in the current work using
previous force field3 are also included for comparison.
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where Ngpoq is the number of ChCl ion pairs in a given volume V, gop+ and go;- are the

total charges on the cation and anion, and D¢+ and Dg- are the self-diffusivities of the

cation and anion, respectively. The results at 298 K are shown in Figure 6(a). The results

calculated using the Einstein relation (Eq. 2) are also included for comparison. As Eq 4
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indicates, the NE relation assumes no correlation between the ions, which is usually valid
only for dilute solutions. Such correlations between the ions are considered in Eq. 2. As
shown in the figure, compared to the Einstein relation, the NE relation tends to overestimate
the ionic conductivity at all compositions. The ratio og /oy, which is known as the ionicity
or the inverse Haven ratio, is a measure of the extent of ion dissociation in the solution. The
calculated inverse Haven ratios are included in Figure 6, which show that, in addition to og,
the inverse Haven ratio also shows a maximum at 1:4 ChCL:EG ratio.

An alternative way to understand the correlations between ions is based on Eq 2. In Eq 2,
by considering i=j for both Ch™ and Cl~ (o¢;, and o¢;), i#] for the same species (o¢p_cp, and
oci—ci) and different species (ocn—ci), the correlation between ions and the corresponding
contributions to the overall ionic conductivity can be quantified. The calculated results
are shown in Figure 6(b). Note that the sum of the self terms is equivalent to the results
using the Nernst-Einstein relation onyg = ocp, + 0¢;. As shown in the figure, both o¢;, and
o¢; are positive at all compositions and a maximum is observed at a ChCl mole fraction
of 20% (ChCL:EG=1:4), similar to the behavior in the overall ionic conductivity og. Due
to the slower diffusivity of Ch™ relative to that of Cl=, the Ch' self contribution ogy, is
much smaller than that of the CI™ self term o¢;. For the terms corresponding to the same

species but distinct ions ocp_cp and og;_¢y, both make negative contributions to op at
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ChCl mole fractions 20% or higher due to the repulsion between ions with like charges,
whereas the values are close to zero at low ChCl fractions. Except for the two low ChCl
mole fraction solutions, the cross term o¢,_; makes a positive contribution to the overall
ionic conductivity. This result suggests that the dynamics in these mixtures at 20% and
higher ChCI mole fraction share similarities with ionic liquids and high temperature molten

59,60

salts, which are completely composed of ionic species, and water-in-salt electrolytes

(WISE), which are highly concentrated salt aqueous solutions. %!

Conclusions

Based on force field parameters proposed previously,?® the GAFF force field was refined
for ChCl and EG mixtures by scaling the atomic partial charges and vdW parameters to fit
experimental density and viscosity at multiple compositions. The scaling factors were derived
for pure EG first by fitting the calculated results to experimental density and viscosity at 298
K, and experimental density dependence on temperature. This refined EG model was fixed
when the scaling factors for ChCl were derived in the next step. To fit the scaling factors
for Ch™ and Cl—, five experimental data points at 298 K, two densities and three viscosities,
respectively, were considered. The performance of the refined force field is significantly
improved compared to the original model and the calculated density, viscosity, self-diffusion
coefficient, and ionic conductivity agree with experiments quantitatively even beyond the
fitting compositions and temperatures. Using the new model, the ionic conductivity of the
ChCl and EG mixtures as a function of ChCl mole fraction was studied. It was found
that the dynamics in these mixtures with ChCl mole fraction equal to or greater than 20%
are similar to that of ionic liquids, high temperature molten salts, and highly concentrated
water-in-salt electrolytes.

The refined model makes it possible to systematically study the liquid properties of the

ChCl and EG mixtures as a function of ChCl fraction over a wide composition range. To
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the best of our knowledge, this is the first time that a classical force field was specifically
developed for a DES over a wide HBA:HBD ratio. However, it is challenging for a force field
to work for all properties, especially for liquid as complicated as DES. In the current work,
special attention was paid to properties that are important for electrochemical applications.
However, the refined force field could be useful for determining other properties as well. In
addition, the procedure used in the current work to refine the ChCl and EG force field can

be easily applied to other DES or liquid mixture systems.

Supporting Information Available

Experimental methods; refined non-bonded parameters for Ch™, Cl—, and EG; experimental
density, viscosity and ionic conductivity at ChCl:EG=1:3, 1:4 and 1:5 ratios; calculated
density, viscosity, and ionic conductivity at all ChCl and EG compositions using the refined

force fields.
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